AGARD-CP-567 


AGARD-CP-567 


ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  &  DEVELOPMENT 

7  RUE  ANCELLE,  92200  NEUILLY-SUR-SEINE,  FRANCE 


AGARD  CONFERENCE  PROCEEDINGS  567 

Propagation  Assessment  in 
Coastal  Environments 

(1’ Evaluation  de  la  propagation  en 
regions  cotieres) 


Papers  presented  at  the  Sensor  and  Propagation  Panel  Symposium, 
held  in  Bremerhaven,  Germany  19-22  September  1994. 


D  nc 

^ELECTE|% 

J . .  ii# 


|  i  n- _ ■ _ 

& ks  y;n|,€e  r^mm} 


19950718  004 


-  NORTH  ATLANTIC  TREATY  ORGANIZATION 


Published  February  1995 
Distribution  and  Availability  on  Back  Cover 


AGARD-CP-567 


ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  &  DEVELOPMENT 

7  RUE  ANCELLE,  92200  NEUILLY-SUR-SEINE,  FRANCE 


AGARD  CONFERENCE  PROCEEDINGS  567 

Propagation  Assessment  in 
Coastal  Environments 

(F Evaluation  de  la  propagation  en 
regions  cotieres) 


Papers  presented  at  the  Sensor  and  Propagation  Panel  Symposium, 
held  in  Bremerhaven,  Germany  19-22  September  1994. 


North  Atlantic  Treaty  Organization 
Organisation  du  Traite  de  I’Atlantique  Nord 


The  Mission  of  AGARD 


According  to  its  Charter,  the  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the 
fields  of  science  and  technology  relating  to  aerospace  for  the  following  purposes: 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for  the 
common  benefit  of  the  NATO  community; 

—  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  research 
and  development  (with  particular  regard  to  its  military  application); 

—  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture; 

—  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

—  Exchange  of  scientific  and  technical  information; 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in 
connection  with  research  and  development  problems  in  the  aerospace  field. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are  composed  of 
experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace  Applications 
Studies  Programme.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO  Authorities  through  the 
AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 


The  content  of  this  publication  has  been  reproduced 
directly  from  material  supplied  by  AGARD  or  the  authors. 


Published  February  1995 

Copyright  ©  AGARD  1995 
All  Rights  Reserved 

ISBN  92-836-0013-4 


Printed  by  Canada  Communication  Group 
45  Sacre-Cceur  Blvd.,  Hull  (Quebec),  Canada  KIA  0S7 


/  ■' 


Theme 


With  the  decreased  probability  of  a  global  war,  military  emphasis  has  shifted  to  regional  conflicts.  Such  conflicts  are  likely  to 
involve  coastal  areas  and  multi-national  forces  including  sub-surface,  surface,  land  and  air  units.  Low  intensity  and  limited 
objectives  operations  place  high-precision  requirements  on  surveillance  and  weapon  systems  and  demand  highly  reliable 
communications.  For  example,  weapons  using  accurate  electro-optical  guidance  systems  can  be  used  to  minimize  civilian 
casualties.  Fleet  units  in  coastal  waters  are  vulnerable  to  attacks  from  the  shore  and  need  to  have  reliable  detection 
capabilities  against  incoming  missiles.  Communications  must  accommodate  high-data  rates  needed  by  modern  command  and 
control  systems  and  must  be  jam-resistant. 

Coastal  areas  are  frequently  characterized  by  a  complex  propagation  environment  which  is  difficult  to  model  and  predict.  For 
example,  radio  propagation  predictions  must  include  both  water  and  terrain  surfaces  as  well  as  the  refractivity  structure 
affected  by  both  domains.  This  requires  models  which  consider  spatial  and  temporal  atmospheric  structure,  surface 
conductivity,  sea  clutter  and  terrain  effects.  For  electro-optical  propagation  assessment,  aerosols  usually  are  a  mixture  of 
marine  and  land  sources  which  makes  the  prediction  of  their  extinction  properties  difficult;  in  addition,  their  temporal  and 
spatial  structure  can  be  very  complex  and  variable. 

Development,  testing  and  validation  of  models  and  sensing  techniques  require  complex  measurement  campaigns.  Several 
such  campaigns  conducted  by  Research  Groups  8  (Panel  3  and  4)  of  the  Defense  Research  Group  of  NATO  provided  valuable 
data  presented  in  the  Symposium. 

Assessment  of  electromagnetic  and  electro-optical  propagation  in  coastal  environments  requires  propagation  modeling  in 
inhomogeneous  environments,  direct  and  remote  sensing  of  the  critical  environmental  parameters,  forecasting  of  the  temporal 
and  spatial  structure  of  environmental  parameters,  and  the  development  of  tactical  decision  aids  to  exploit  or  mitigate  the 
effects  of  the  propagation  environment. 

Topics  covered: 

—  Radio  Propagation  Modeling 

—  Electro-optical  Propagation  Modeling 

—  Remote  and  Direct  Sensors  and  Sensing  Techniques 

—  Modeling  and  Prediction  of  the  Propagation  Environment 

—  Sensor  Technology  and  Systems  Aspects 

—  Measurement  Campaigns 
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La  probability  de  la  declaration  d’une  guerre  mondiale  etant  moindre  aujourd’hui,  les  efforts  militaires  se  sont  tournes  plutot 
vers  les  conflits  rcgionaux.  De  tels  conflits  concerneront  probablement  des  regions  cotieres  et  impliqueront  des  forces  multi- 
nationales  comprenant  des  unites  sous-marines,  terrestres  et  aeriennes. 

La  reussite  des  operations  de  faible  intensity  et  a  objectifs  limites  depend  de  l’acquisition  de  systemes  d’armes  et  de 
surveillance  de  haute  pr6cision,  ainsi  que  de  reseaux  de  t61ecommunications  hautement  tiables.  Pour  citer  un  exemple,  des 
armes  integrant  des  systemes  de  guidage  electro-optiques  de  precision  peuvent  etre  utilises  pour  reduire  au  minimum  le 
nombre  de  victimes  parmi  la  population  civile.  Des  unites  de  la  marine  navigant  dans  les  eaux  cotieres  sont  vulnerables  a  des 
attaques  lancees  de  la  cote  et  doivent  etre  equipees  de  moyens  de  detection  ou  de  missiles  fiables.  Les  equipements  de 
telecommunications  doivent  fonctionner  aux  debits  eleves  exiges  par  les  systfemes  de  commandement  et  de  cpntrole  modemes 
et  ils  doivent  etre  proteges  contre  le  brouillage  intentionnel. 

Les  regions  coti  feres  sont  souvent  caractferisees  par  des  environnements  a  propagation  complexes  qui  sont  difficiles  a 
modfeliser  et  done  de  prevoir.  Pour  citer  un  exemple,  les  previsions  de  propagation  radioelectrique  doivent  tenir  compte  des 
surfaces  terrestres  et  maritimes,  ainsi  que  de  la  structure  de  refringence  des  deux  domaines.  La  modelisation  doit  done  tenir 
compte  des  structures  atmospheriques  spatiales  et  temporelles,  de  la  conductivity  superficielle,  du  fouillis  de  mer  et  des  effets 
de  terrain.  Pour  ce  qui  est  de  revaluation  de  la  propagation  electro-optique,  les  aerosols  sont  normalement  composes  d’un 
melange  d’origine  maritime  et  terrestre,  ce  qui  rend  difficile  la  prevision  de  leures  caracteristiques  d’extinction;  en  outre,  leur 
structure  spatiotemporelle  peut  etre  trfes  complexe  et  variable. 

Le  developpement,  les  essais  et  la  validation  des  modfeles  et  des  techniques  de  detection  requiferent  des  campagnes  de  mesures 
complexes.  Un  certain  nombre  de  telles  campagnes,  realisees  par  le  groupe  sur  la  recherche  pour  la  defense  de  l’OTAN  (le 
GRD),  ont  eu  pour  rdsultat  des  donnees  de  valeur,  qui  ont  fete  presentees  lors  du  symposium. 

L’evaluation  de  la  propagation  yiectromagnetique  et  electro-optique  en  regions  cotiferes  requiert  la  modelisation  de  la 
propagation  en  milieux  heterogfenes,  la  detection  et  la  teledetection  des  paramfetres  critiques  du  milieu,  la  prevision  de  la 
structure  temporelle  et  spatiale  de  ces  paramfetres,  et  le  developpement  d’aides  a  la  prise  de  decisions  tactiques  pour  exploiter 
ou  mitiger  ces  effets  du  milieu  de  propagation. 

Les  sujets  suivants  dtaient  examines: 

—  la  modelisation  de  la  propagation  radioelectrique 

—  la  modelisation  de  la  propagation  electro-optique 

—  les  techniques  de  detection  et  de  teledytection 

—  la  modelisation  de  la  prevision  du  milieu  de  propagation 

—  la  technologie  de  detection  et  les  aspects  systfemes 

—  campagnes  de  mesures. 


Sensor  and  Propagation  Panel 


Chairman:  Prof.  D.H.  HOHN 
FGAN 

Forschungsinstitut  fur  Optik 
Schloss  Kressbach 
D-7400  Tubingen 
Germany 


TECHNICAL  PROGRAMME  COMMITTEE 

Co-Chairmen: 

Dr.  J.H.  Richter  (US) 

Dr.  K.H.  Craig  (UK) 


Programme  Committee  Members: 

Dr.  S.D.  Burk  (US) 

Mr.  F.  Christophe  (FR) 

Ir.  H.J.M.  Heemskerk  (NE) 
Prof.  H.  Jeske  (GE) 

Mr.  A.  Junchat  (FR) 

Dr.  G.  de  Leeuw  (NE) 
Dipl.-Ing.  R.  Makaruschka  (GE) 
Mr.  J.  D.  Turton  (UK) 


PANEL  EXECUTIVE 
Lt.  Colonel  R.  Cariglia,  IAF 


Mail  from  Europe: 
AGARD-NATO 
ATTN:  SPP  Executive 
7,  rue  Ancelle 
92200  Neuilly-sur-Seine 
France 


from  North  America: 
AGARD  NATO/SPP 
PSC  116 
APO  AE  09777 


Phone:  33-1-47.38.57.68 


Fax:  33-1-47.38.57.99 


Preface 


Modem  military  conflicts  are  likely  to  involve  coastal  environments.  Such  regions  are  characterized  by  complex  and  rapidly 
varying  propagation  conditions  that  must  be  known  and  predictable  for  sophisticated  aerospace  applications  involving  a  wide 
range  of  flight  vehicles.  In  response  to  this  need,  the  meeting  covered  sensing,  modeling,  and  operational  assessment 
techniques  for  military  operations  in  coastal  environments.  It  specifically  addressed  important  aerospace  applications  like 
missile  defense  and  satellite  remote  sensing.  For  the  latter,  innovative  techniques  were  described  to  use  GPS  signals  for 
remote  sensing  of  refractivity  structure  and  use  of  active  and  passive  satellite  sensors  for  inferring  radio  ducting  conditions. 
High  emphasis  was  given  to  operational  applications.  An  entire  session  was  devoted  to  environmental  prediction  systems  that 
are  crucial  for  conduct  and  planning  of  military  operations.  Other  examples  of  direct  operational  concern  were  radio  coverage 
concepts  and  handbooks  for  transferring  NATO  ship-shore-ship  data  and  an  electrooptical  tactical  decision  aid  for  point 
defense  and  strike  warfare.  The  meeting  also  devoted  two  sessions  to  field  trials  conducted  by  DRG  research  groups.  The 
meeting  offered  high-quality  technical  papers  of  direct  concern  to  the  mission  of  SPP  and  AGARD.  Numerous  questions 
following  the  papers  indicated  interest,  involvement  and  technical  appreciation  by  most  of  the  participants.  The  meeting  was 
attended  by  over  100  people  and  42  papers  were  presented. 

Gratefully  acknowledged  are  cooperation  and  assistance  received  by  the  members  of  the  technical  program  committee.  The 
SPP  Executive,  LTC  R.  Cariglia  and  the  SPP  Secretary,  Ms.  Stephanie  Branch  deserve  special  thanks  for  their  excellent 
planning  and  execution  of  the  meeting  and  their  help  in  preparing  the  proceedings.  Prof.  E.  Schweicher  and  Dr.  D.  Dion 
graciously  helped  with  the  translation  of  question  and  answers. 

Major  credit  for  this  very  successful  meeting  goes  to  Dr.  H.J.  Albrecht  for  selecting  and  organizing  the  meeting  in  a  German 
coastal  region  and  to  the  officers  and  staff  of  the  Marine-Ortungsschule  for  superbly  hosting  and  efficiently  supporting  all 
activities. 


J.H.  Richter  and  K.H.  Craig 
Co-Chairmen 
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Structure,  Variability,  and  Sensing  of  the  Coastal  Environment 


Juergen  H.  Richter 
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USA 


SUMMARY 

Radar  observations  of  coastal  atmospheric  structures  and 
propagation  data  are  presented  to  illustrate  temporal  and 
spatial  variability  of  the  propagation  environment. 
Sensing  of  radio  reffactivity  has  historically  been 
accomplished  with  direct  sensing  techniques  such  as 
radiosondes.  While  direct  sensing  techniques  provide 
good  data  for  propagation  assessment  purposes,  remotely 
sensed  data  would  be  more  desirable.  Various  direct  and 
remote  sensing  techniques  and  an  assessment  of  their 
potential  operational  usefulness  are  reviewed.  Included 
are  radiosondes,  refractometers,  radar  sounders,  lidars, 
satellite-based  sensors,  and  radiometric  and  radio 
propagation  techniques.  The  need  for  and  feasibility  of 
providing  three-dimensional,  time-varying  reffactivity 
fields  for  propagation  assessment  are  addressed. 

Aerosol  extinction  is  often  the  atmospheric  parameter 
limiting  electrooptical  systems  performance.  For  proper 
performance  assessment,  slant  path  extinction  must  be 
known.  For  several  decades,  attempts  have  been  made 
to  infer  aerosol  extinction  from  lidar  backscatter 
measurements.  A  discussion  of  selected  lidar  techniques 
and  their  limitations  is  presented. 

1.  INTRODUCTION 

Modern  sensor  and  weapon  systems  rely  on  propagation 
of  electromagnetic  or  electrooptical  energy  in  an 
inhomogeneous  atmosphere.  Especially,  a  coastal 
propagation  environment  often  exhibits  complex  spatial 
structures  with  high  temporal  variability  that  need  to  be 
understood  for  both  sensing  and  modeling  applications. 
An  example  of  a  sensor  system  affected  by  propagation 
anomalies  are  radars  detecting  targets  far  beyond  the 
normal  radio  horizon  or  encountering  holes  in  coverage. 
Systems  operating  in  the  visible  or  infrared  wave  bands 
can  be  rendered  totally  ineffective  in  the  presence  of 
clouds  or  fog.  A  quantitative  assessment  of  the  impact 
of  the  propagation  medium  on  a  system  requires  an 
adequate  description  of  the  relevant  atmospheric 
parameters  which  can  be  obtained  through  sensing, 
numerical  modeling  or  a  combination  of  both.  In  the 
following,  various  techniques  for  sensing  radio 
refractivity  and  aerosol  extinction  are  described. 


2.  RADIO  REFRACTIVITY 
2.1  Structure  and  variability 

Before  addressing  sensing  techniques,  it  is  important  to 
establish  what  needs  to  be  sensed,  how  accurate 
measurements  ought  to  be  and  how  often  and  where  data 
should  be  taken. 

Radio  refractivity  A  (A=[n-l]106;  n  =  refractive  index)  in 
the  atmosphere  is  given  by 

N=77.6[P/r+4810e/r2]  ^ 

where  P  is  the  atmospheric  pressure  (hPa),  T  the 
temperature  (K)  and  <2  the  partial  water  vapor  pressure 
(hPa).  Under  most  atmospheric  conditions,  refractivity 
is  primarily  dependent  on  the  partial  water  vapor 
pressure.  Sensing  efforts  for  radio  refractivity  are, 
therefore,  mainly  concerned  with  the  vertical  distribution 
of  water  vapor  in  the  atmosphere. 

For  radio  propagation  assessment  purposes,  the  absolute 
accuracy  of  A  is  less  important  than  vertical  refractivity 
gradients  and  their  height.  Based  on  experience  in 
anomalous  radio  propagation  assessment,  the  height  of 
refractive  layers  should  be  known  with  an  accuracy  of 
some  10  m  and  A-unit  changes  across  a  layer  to 
approximately  one  A-unit. 

Answering  the  question  of  how  often  and  where 
refractivity  profiles  should  be  taken  requires  an 
understanding  of  the  temporal  and  spatial  behavior  of 
atmospheric  refractivity.  One  of  the  best  tools  to 
visualize  atmospheric  refractivity  structure  is  a  special 
radar  built  for  exactly  that  purpose  (Richter,  1969).  The 
radar  is  a  vertically-pointing  frequency-modulated, 
continuous-wave  (FM-CW)  radar  which  senses  the 
turbulence  structure  parameter  C„2  for  the  refractive 
index.  While  the  relationship  between  Cn2  and  the 
refractivity  profile  is  not  simple,  strong  radar  echoes  are 
most  often  associated  with  steep  vertical  refractivity 
gradients.  Temporal  and  spatial  changes  of  radar  echoes 
are,  therefore,  an  excellent  description  of  temporal  and 
spatial  variations  of  layers  in  the  vertical  refractivity 
profile.  An  example  is  shown  in  figure  1  where  a 
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Figure  1.  Atmospheric  refractivity  structure  observed  with  a  vertically  pointing  radar  and  concurrent  radiosonde- 
derived  refractivity  profile. 


vertically  pointing  FM-CW  radar  located  in  San  Diego  returns  from  insects).  Another  example  is  shown  in 

senses  undulating  layers  that  are  associated  with  strong  figure  3,  where  an  FM-CW  radar  and  a  colocated 

gradients  in  the  directly-sensed  refractivity  profile.  acoustic  echosounder  are  operated  simultaneously 

Several  distinct,  undulating  layers  can  be  seen.  Radar  (Noonkester  and  Richter,  1980).  The  C„2  measured  by 

observations  of  complex  refractivity  structures  are  not  the  radar  is  mostly  dependent  on  moisture  fluctuations 

confined  to  a  marine  environment.  Figure  2  is  an  while  the  acoustic  sounder-measured  C„2  depends 

example  of  FM-CW  radar  observations  obtained  in  a  primarily  on  temperature  fluctuations.  Both  sounders 

desert  environment  by  Eaton  et  al.  (1994)  showing  reveal  a  consistent  picture  of  atmospheric  structure: 

complex,  multy-layered  wave  structures  (point  echoes  are  convective  activity  below  an  inversion  layer  that 


Figure  2.  FM-CW  radar  observations  by  Eaton  et  al.  (1994) 
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Figure  3.  Simultaneous  boundary  layer  observations  with  acoustic  and  radar  sounders. 


undulates  between  600-700  m.  Figures  1-3  convey  a 
picture  of  adynamic  refractivity  structure  consistent  with 
propagation  measurements,  which,  when  influenced  by 
atmospheric  refractive  layers,  vary  (fade)  with  time. 
Figures  4-7  illustrate  signal  variability  and  suggest 
fundamental  limitations  to  instantaneous  signal-level 
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Figure  4.  Vertical  profiles  of  radio  signals. 

predictability.  Figure  4  shows  9.6  GHz  signals  for  a  128 
km  over-water,  over-the-horizon  path  measured  with  a 
receiver  which  was  moved  vertically  between  5  and  38 
m  above  the  surface.  The  numbers  at  the  tops  and 
bottoms  of  the  three  individual  traces  indicate  the  start 
and  stop  time  for  the  measurements.  Acquisition  of  the 
three  individual  profiles  took  4  minutes  each.  Even 
though  the  three  profiles  are  separated  by  not  more  than 
12  minutes,  they  have  little  resemblance  to  each  other. 
The  upper  and  lower  envelopes  of  signal  variability  for 
the  entire  measurement  period  are  shown  on  the  right 
side  of  the  figure  indicating  almost  20  dB  variability. 
This  number  may  be  considered  large  and  disappointing 
for  high-fidelity  assessment  purposes.  However,  this 


variability  is  superimposed  on  50  -  60  dB  signal 
enhancements  over  standard  atmospheric  conditions  (in 
figure  4,  the  transmitter  was  located  10  m  above  sea 
level,  troposcatter  loss  is  215  dB;  free  space  loss  is  154 
dB).  This  illustrates  an  important  point:  the  quality  of 
propagation  and  environmental  models  should  be  judged 
by  their  ability  to  predict  average  signal  enhancements 
(or  decreases)  rather  than  short  term  fluctuations;  the 
latter  may  appear  large  by  themselves  but  are  really 
small  compared  to  the  overall  effect.  Figure  5 
(reproduced  from  Dockery  and  Konstanzer,  1987) 
addresses  the  same  point  using  state-of-the  art  range- 
dependent  refractivity  measurements  and  range- 
dependent  propagation  models.  Refractivity  profiles 
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Figure  5.  Refractivity  profiles  measured  along  a 
propagation  path  (Dockery  and  Konstanzer,  1987) 
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the  refractivity  conditions  of  figure  5. 

calculated  from  helicopter-borne  temperature  and 
humidity  measurements  (figure  5)  show  a  variable 
refractivity  environment  along  a  propagation  path.  These 
profiles  were  used  with  the  range-dependent  propagation 
code  EMPE  (Ko  et  al.,  1983)  to  calculate  path  loss  at 
5.65  GHz  as  a  function  of  range.  Figure  6  shows 
measured  path  loss  values  (from  an  aircraft  flying  at  a 
constant  altitude  of  31  m),  calculations  based  on  the 
helicopter  measurements,  and,  for  comparison  purposes, 
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Figure  7.  Propagation  loss  measurements  under  stable 
atmospheric  conditions. 


path  loss  for  a  standard  atmosphere.  For  all  three  cases 
in  figure  6,  the  propagation  calculations  predict  the 
general  signal  enhancement  for  beyond-the-horizon 
ranges  but  disagree  at  certain  ranges  with  the 
measurements  by  as  much  as  20  dB. 

Occasionally,  the  environment  varies  so  rapidly  that 
measuring  such  a  variability  is  not  feasible.  Even  if  it 
were,  the  rapid  changes  would  make  accurate 
propagation  predictions  impossible.  Two  examples  given 
by  Anderson  (1993)  illustrate  stable  and  variable 
refractivity  environments.  Anderson  investigated  low- 
altitude,  short-range  radar  detection  capabilities  under 
evaporation  ducting  conditions.  A  shore-based  9.4  GHz 
radar  at  23.5  m  above  mean  sea  level  tracked  a 
calibrated  target  at  4.9  m  above  the  sea.  Figure  7  shows 
radar  data  (propagation  loss)  for  target  ranges  between  3- 
17  km.  The  measurements  cluster  around  what 
propagation  models  predict  for  the  7-8  m  evaporation 
duct  present  (for  this  evaporation  duct  strength,  signal 
levels  between  approximately  7-15  km  are  below  those 
plotted  for  a  standard  atmosphere).  The  same  radar 
measurements  repeated  on  another  day  are  shown  in 
figure  8.  Propagation  loss  levels  show  instantaneous 
variations  of  up  to  20  dB.  The  reason  for  this  variability 
was  an  elevated  refractive  layer  responsible  for  an 
approximately  50  m  thick  surface-based  duct  that 
dominated  the  propagation  mechanism.  This  elevated 
layer  apparently  fluctuated  sufficiently  to  cause  the 
highly-variable  propagation  loss  values.  Figure  2  serves 
as  a  reminder  of  possible  refractivity  complexity  and 
variability.  There  is  no  way  of  either  measuring  or 
modeling  such  highly  variable  refractivity  structures  for 
instantaneous  signal  strength  predictions.  This  means 
there  will  be  situations  for  which  an  accurate 
instantaneous  sensor  performance  assessment  cannot  be 
provided.  Fortunately,  such  highly  variable  situations 
are  rare  (a  subjective  estimate  is  that  they  occur  less  than 
10%  of  the  time)  and  techniques  may  be  developed  to 
make  the  operator  aware  of  such  situations  and  perhaps 
bracket  the  expected  variability.  For  the  majority  of  the 
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Figure  8.  Propagation  loss  measurements  under  variable 
refractivity  conditions. 
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situations  encountered,  the  assumption  of  horizontal 
homogeneity  is  reasonable.  It  was  found  that  cal¬ 
culations  of  propagation  enhancements  based  on  a  single 
vertical  profile  were  correct  in  86%  of  the  cases.  A 
similar  conclusion  has  been  reached  from  years  of  ship¬ 
board  experience  with  the  US  Navy’s  Integrated  Refrac¬ 
tive  Effects  Prediction  System  (Hitney  et  al.,  1985). 

Additional  excellent  quantitative  refractivity  and 
propagation  data  have  recently  been  obtained  during  a 
program  in  the  southern  California  coastal  area  named 
VOCAR  [Variability  of  Coastal  Atmospheric  Refrac¬ 
tivity,  (Paulus,  1994)].  The  major  objective  of  this  pro¬ 
gram  is  the  development  of  a  data  assimilation  system 
which  provides  refractivity  nowcasts  and  forecasts  based 
on  both  sensed  data  and  meteorological  numerical  mo¬ 
dels.  Such  a  data  assimilation  system  is  the  only  hope 
for  an  operational  refractivity  assessment  and  forecasting 
system.  One  component  of  VOCAR  was  the  simul¬ 
taneous  and  continuous  measurement  of  a  radio  signal 
radiated  from  the  northern  tip  of  San  Clemente  Island 
(SCI)  and  received  simultaneously  at  Pt.  Mugu  (133  km 
path)  and  at  San  Diego  (127  km  path).  These  propaga¬ 
tion  paths  are  nearly  identical  in  length  but  are  located 
in  different  areas  of  the  S.  California  Bight.  Variations 
in  signal  levels  over  the  two  paths  are  a  precise  measure 
of  path-integrated  refractivity  conditions  and  their  tem¬ 
poral  changes;  in  addition,  cross-correlation  between  the 
signals  over  the  two  paths  gives  quantitative  data  con¬ 
cerning  horizontal  homogeneity  of  refractivity  conditions 
(Rogers,  1994a,b). 

In  conclusion,  it  is  very  important  to  realize  and 
appreciate  the  temporal  and  spatial  variability  of 
atmospheric  refractivity  structure  for  any  sensing  and 
forecasting  effort.  For  most  applications,  horizontal 
homogeneity  is  a  reasonable  assumption.  Therefore, 
single  profiles  of  refractivity  measured  either  directly  or 
remotely  are  adequate  for  propagation  assessment 
purposes.  Most  promising  is  a  data  assimilation  system, 
which  combines  sensed  and  numerically  modeled  data. 

2.2  Direct  Sensing  Techniques 
Radiosondes 

Radiosondes  have  been,  and  still  are,  the  most  frequently 
used  direct  sensing  technique  for  obtaining  radio 
refractivity  profiles.  Ever  since  the  slow-response 
lithium  chloride  humidity  sensor  was  replaced  with  the 
carbon  element  some  35  years  ago  (thin  film  capacitors 
are  used  today),  the  radiosonde  has  provided  satisfactory 
vertical  humidity  profiles  under  most  conditions.  A 
commonly  used  radiosonde  system  today  consists  of  a 
Vaisala  RS  80  series  radiosonde  and  suitable  receivers. 
The  specified  accuracy  of  the  sensors  is  0.5  hPa  for  the 
pressure,  0.2  °C  for  temperature  and  2%  for  relative 
humidity  (humidity  lag  is  1  s  for  6  m/s  flow  at  1000 
hPa,  +20  °C).  The  radiosonde  package  itself  weighs  less 
than  200  g  and  can  be  launched  with  a  100  g  balloon. 
The  radiosonde  senses  temperature,  humidity  and 


pressure  continuously  but  each  of  the  sensors  is  selected 
in  succession  for  relaying  the  information  to  the  ground 
station.  The  duration  of  the  measurement  sequence  is 
approximately  1.5  s.  This  results  in  non-continuous 
temperature  and  humidity  profiles  which  can  cause 
problems  when  the  sonde  ascends  through  very  sharp 
vertical  humidity  gradients  while  transmitting  other  data. 
Such  problems  are  not  very  common  and  rarely 
significant  for  operational  assessments;  they  can  be 
avoided  for  special  applications  by  either  more  rapid 
switching  schemes  or  continuous  profile  measurements 
(i.e.,  launching  more  than  one  radiosonde  with  one  of  the 
sondes  transmitting  humidity  only).  The  radiosonde  can 
also  be  equipped  with  navigation  receivers  (Omega  or 
LORAN  C)  which  permits  sensing  of  winds.  Incorrect 
surface  values  represent  one  problem  encountered  with 
radiosondes.  The  launch  point  may  be  affected  by 
surface  heating  (or  by  a  local  heat  source  in  the  case  of 
shipboard  launches)  and  lead  to  systematic  errors 
(Helvey,  1983).  Shipboard- induced  surface  heating 
errors  can  be  avoided  by  dropsondes  (released  by  aircraft 
and  descending  by  parachute)  or  by  launching  the 
radiosonde  sensor  package  with  a  small  rocket  and 
obtaining  the  measurements  during  parachute  descent 
away  from  the  ship  (Rowland  and  Babin,  1987).  These 
techniques  measure  the  profiles  away  from  the  ship 
down  to  the  ocean  surface.  They  do  not,  however, 
measure  (as  sometimes  erroneously  stated)  humidity 
profiles  responsible  for  evaporation  ducting.  Another 
shortcoming  of  radiosonde-measured  profiles  is  the  non 
vertical  flight  path  of  the  balloon  (and  parachute)  and  the 
time  it  takes  to  measure  one  profile.  Both  the  non 
vertical  sampling  path  and  temporal  changes  during  the 
measurement  do  not  necessarily  provide  an  accurate 
vertical  profile.  This  must  be  considered  when 
comparing  true  vertical,  instantaneous  profile 
measurements  (e.g.,  lidar  profilers)  with  radiosonde  data. 

Microwave  Refractometers 

Unlike  radiosondes,  microwave  refractometers  measure 
radio  refractivity  directly.  Ambient  air  is  passed  through 
a  microwave  cavity  whose  resonant  frequency  is  a 
function  of  both  the  dimensions  of  the  cavity  and  the 
refractive  index  of  the  air  within  the  cavity.  If  the 
dimensional  changes  of  the  cavity  are  kept  very  small, 
the  refractive  index  of  the  air  within  the  cavity  can  be 
accurately  determined  from  the  measurement  of  the 
resonant  frequency  of  the  cavity.  The  operating 
frequency  of  microwave  refractometers  is  usually  around 
10  GHz.  Microwave  refractometers  have  been  used  as 
early  as  1952  and  have  been  installed  operationally  in 
the  US  Navy’s  E-2C  airborne  surveillance  aircraft 
(designated  AN/AMH-3,  Airborne  Microwave 
Refractometer).  In  research  operations,  microwave 
refractometers  are  often  deployed  from  helicopters. 
Microwave  refractometers  are  considered  the  most 
accurate  sensor  for  radio  refractivity  and  have  usually 
very  rapid  response  times.  Their  disadvantages  are 
relatively  high  cost  and  weight. 
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Evaporation  Duct  Sensors 

An  important  ducting  phenomenon  over  oceans  is  the 
evaporation  duct.  This  duct  is  caused  by  a  rapid 
decrease  in  humidity  right  above  the  ocean  surface.  A 
measurement  of  the  instantaneous  vertical  humidity 
profile  is  difficult  because  humidity  decreases  from 
saturation  directly  at  the  surface  (relative  humidity 
100%)  to  its  ambient  value  within  the  first  few 
centimeters  above  the  surface.  The  instantaneous  ocean 
surface  is  perturbed  by  wave  motions  and  an  average 
surface  height  is  defined  only  when  the  instantaneous 
height  is  averaged  over  time.  In  addition,  individually 
measured  profiles  are  characterized  by  temporal 
fluctuations  which  are  of  the  same  order  as  the  vertical 
changes  of  interest.  Therefore,  individually  measured 
profiles  are  not  meaningful  for  evaporation  ducting 
assessment  unless  they  are  averaged  over  time  (on  the 
order  of  one  minute).  Lack  of  understanding  of  these 
basic  micrometeorological  properties  has  resulted  in 
many  inappropriate  profile  measurement  proposals  and 
attempts.  Relationships  have  been  developed  which 
permit  reliable  evaporation  duct  height  determination 
from  four  simple  "bulk"  measurements:  sea-surface 
temperature  and  air  temperature,  relative  humidity,  and 
wind  speed  measured  at  a  convenient  reference  height 
(usually  5-10  m)  above  the  surface  (Jeske,  1973).  These 
four  measurements  are  usually  made  with  standard 
meteorological  sensors  (e.g.,  psychrometer  for  humidity, 
anemometers  for  wind  and  thermometers  [thermistors, 
thermocouples]  for  temperature).  For  sea-surface 
temperature,  a  hand-held  radiometer  may  provide  more 
convenient  and  accurate  data  (Olson,  1989).  Over  two 
decades  of  experience  in  evaporation  ducting  assessment 
based  on  bulk  measurements  have  provided  satisfactory 
and  consistent  results.  Operational  assessment  of 
evaporation  ducting  effects  is  less  affected  by 
uncertainties  in  relating  bulk  measurements  to  profiles 
than  by  range-variations  in  the  duct. 

2.3  Remote  Sensing  Techniques 
Radar  Techniques 

Radar  observations  of  atmospheric  refractivity  structures 
are  almost  as  old  as  radars  themselves  (Cowell  and 
Friend,  1937).  Hie  first  radar  specifically  designed  for 
the  study  of  refractivity  structure  was  introduced  by 
Richter  (1969).  The  radar  provided  continuous 
observations  of  atmospheric  refractivity  structures  with 
an  unprecedented  range  resolution  of  one  meter. 
Observations  with  this  radar  helped  settle  the  question  of 
the  nature  of  radar  returns  from  atmospheric  refractivity 
and  revealed  a  detailed  picture  of  temporal  and  spatial 
refractivity  variations  unknown  before  (Fig.  1-3).  To 
this  day,  there  is  no  other  remote  sensor  capable  of 
providing  a  more  detailed  picture  of  the  dynamics  and 
structure  of  atmospheric  refractivity.  The  radar, 
however,  does  not  sense  the  refractivity  profile  but  rather 
the  structure  parameter  Cn2  of  the  structure  function 
describing  the  turbulent  perturbation  of  atmospheric 
refractivity.  Gossard  and  Sengupta  (1988)  derived  a 


relationship  between  refractivity  gradient  and  Cn2/Cw2 
where  Cw2  is  the  structure  parameter  of  the  vertical 
component  of  the  turbulent  wind  velocity  field 
(measured  from  the  turbulent  broadening  of  the  Doppler 
spectrum).  This  relationship  allows,  in  principle, 
retrieval  of  refractivity  profiles  from  radar  measurements. 
In  practice,  retrievals  are  limited  by  the  presence  of 
clouds  or  other  particulates  contaminating  the  radar  data. 
Additional  difficulties  are  that  the  broadening  of  the 
Doppler  spectrum  may  be  due  to  effects  other  than 
turbulence  and  the  need  for  data  with  high  signal-to- 
noise  ratios.  It  appears  that  a  combination  of  remote 
sensors  such  as  radar  (with  Doppler  capability),  acoustic 
echo  sounder,  and  Radio  Acoustic  Sounding  System 
(RASS),  may  sense  data  which  will  result  in  accurate 
refractivity  profiles  (Gossard,  1992). 

Lidar  Techniques 

Two  lidar  techniques  have  been  used  successfully  to 
measure  atmospheric  profiles  of  water  vapor:  differential 
absorption  lidars  (DIAL)  and  Raman-scattering  lidars. 

DIAL  uses  the  strong  wavelength-dependent  absorption 
characteristics  of  atmospheric  gases.  For  radio 
refractivity,  water  vapor  is  of  interest  (oxygen  is  used  for 
temperature  profiling).  A  tunable  laser  is  tuned  to  the 
resonance  of  an  absorption  line  and  then  tuned  off 
resonance.  The  ratio  of  the  range-gated  lidar  signal 
permits  determination  of  the  atmospheric  water  vapor 
profile  (Schotland,  1966;  Collis  and  Russell,  1976; 
Measures,  1979). 

Raman-scattering  lidars  utilize  a  weak  molecular 
scattering  process  which  shifts  the  incident  wavelength 
by  a  fixed  amount  associated  with  rotational  or 
vibrational  transitions  of  the  scattering  molecule  (Melfi 
et  al.,  1969;  Cooney,  1970).  The  ratio  of  the  Raman- 
scattered  signal  for  the  water-vapor  shifted  line  to  the 
signal  from  nitrogen  is  approximately  proportional  to  the 
atmospheric  water  vapor  mixing  ratio  (Melfi,  1972). 

An  example  of  a  water  vapor  profile  measured  with  a 
Raman  lidar  is  shown  in  figure  9  (Blood  et  al.,  1994; 
Philbrick,  1994).  The  instrument  used  for  measuring 
those  data  is  a  532  nm,  0.6  Joule/pulse,  7  ns  pulse  width, 
20  Hz  pulse  repetition  frequency  lidar.  The  lidar  profiles 
are  integrated  over  30  min  and  the  range  resolution  of 
the  data  set  is  75  m.  The  solid  trace  in  figure  9 
represents  the  lidar  and  the  dashed  trace  the  radiosonde 
data.  The  agreement  is  excellent  considering  that  the 
balloon  profile  is  not  the  true  instantaneous  vertical 
profile  and  the  lidar  data  are  time  averaged. 

Even  though  water  vapor  profiling  based  on  differential 
absorption  and  Raman  scattering  has  been  demonstrated 
some  25  years  ago,  no  instruments  for  routine  ground- 
based  use  are  commercially  available  yet.  The  reason  is 
that  neither  technique  will  produce  profiles  reliably 
under  all  conditions.  Daytime  background  radiation 
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Figure  9.  Water  vapor  mixing  ratio  from  Raman  lidar 
measurement  (solid)  and  radiosonde  (dashed). 


decreases  the  signal-to-noise  ratio  and  so  does  extinction 
by  aerosols.  For  cost  and  eye-safety  reasons,  there  is  a 
limit  of  how  powerful  the  emitted  radiation  can  be.  For 
Raman-scattering  lidars,  various  attempts  have  been 
made  to  use  the  so-called  solar-blind  region  (230-300 
nm)  to  reduce  daytime  background  noise  (Cooney  et  al., 
1980;  Petri  et  al.,  1982;  Renaut  and  Capitini,  1988). 
Extinction  by  aerosols  is  a  fundamental  problem  for  any 
remote  sensing  technique  (active  or  passive)  using 
ultraviolet,  visible  or  infrared  radiation.  In  a  marine 
environment  the  most  severe  ducting  conditions  occur 
when  a  strong  temperature  inversion  is  present.  Stratus 
clouds  form  frequently  when  there  is  a  strong 
temperature  inversion.  The  height  of  the  rapid  humidity 
decrease  occurs  just  above  the  top  of  the  stratus  cloud 
which  means  the  laser  energy  has  to  penetrate  the  cloud 
from  below  and  travel  back  to  the  ground-based  receiver. 
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Figure  10.  Two  way  extinction  for  three  wavelengths  for 
a  signal  penetrating  a  stratus  cloud  of  a  given  thickness 
based  on  Noonkester  (1985). 
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Figure  11.  Two  way  extinction  for  0.53  microns  for  a 
signal  penetrating  a  stratus  cloud  of  a  given  thickness 
[solid  line  based  on  Noonkester  (1985),  dashed  line  on 
Hughes  and  Thompson  (1984)] 

Figure  1 0  shows  the  additional  attenuation  a  laser  signal 
encounters  by  travelling  through  a  stratus  cloud  of  a 
given  thickness.  The  extinction  curves  in  figure  10  are 
based  on  dropsize  measurements  of  stratus  clouds  having 
a  mixture  of  marine  and  continental  aerosols  using  a 
linear  regression  line  fit  to  the  data  (Noonkester,  1985). 
Hughes  and  Thompson  (1984)  applied  a  power  law  fit  to 
the  same  data  which  results  in  higher  extinction  values 
as  shown  in  figure  11  for  0.53  microns.  From  figures  10 
and  1 1 ,  one  can  see  that  a  vertically  pointing,  ground- 
based  530  nm  lidar  system  may  loose  as  much  as  43-54 
dB  in  signal  when  penetrating  a  150  m  thick  stratus 
cloud.  It  is  doubtful  that  any  realistic  lidar  could  handle 
such  attenuation  values. 

An  interesting  attempt  to  deduce  water  vapor  profiles 
from  lidar  measurements  of  aerosol  backscatter  is 
described  by  Hughes  et  al.  (1992).  The  technique  is 
based  on  a  correlation  between  aerosol  dropsize 
distribution  and  relative  humidity.  However,  this 
technique  will  also  not  work  under  high  extinction 
(clouds)  conditions. 

Radiometric  Techniques 

Radiometric  techniques  are  widely  used  in  remote 
sensing  for  determining  temperature  and  humidity 
profiles  (Ulaby  et  al.,  1981;  1986;  Janssen,  1993).  They 
are  passive  and  are,  therefore,  ideally  suited  for 
situations  where  active  emissions  are  undesirable.  The 
downwelling  sky  radiometric  or  brightness  temperature 
in  the  zenith  direction  TB(v)  is  related  to  the  water  vapor 
profile  pjz) 

W  =fo*wf,(v,z)pv(z)dz  (2) 

where  the  weighting  function  for  water  vapor,  Wp(v,z )  is 
given  by 


W(v,z)=Kv(z)^Le'^z)  (3) 

P,(z) 

T(z )  is  the  atmospheric  temperature  profile,  t,  the  optical 
thickness,  v  the  frequency,  and  /c„(z)  the  absorption 
coefficient  (which  is  approximately  the  water  vapor 
absorption  coefficient  for  measurements  taken  in  the 
vicinity  of  water  vapor  absorption  lines  and  under  clear 
sky  conditions).  Radiometric  retrieval  techniques  are  not 
well  suited  for  obtaining  rapidly  varying  parameters. 
They  provide  better  results  for  retrieving  temperature 
profiles  since  temperature  profiles  have  a  smaller  relative 
variability  about  their  mean  profile  than  humidity  profiles. 
For  anomalous  radio  propagation  assessment,  height  and 
gradient  of  humidity  profile  changes  are  important; 
presently  available  microwave  radiometry  methods  are  far 
from  producing  humidity  profiles  with  a  vertical 
resolution  suitable  for  anomalous  propagation  assessment. 
Figure  12  shows  an  example  of  a  radiometrically  retrieved 
water  vapor  profile  and  a  radiosonde  profile.  The  strong 
vertical  gradient  around  200  mb  above  the  surface  as  well 
as  the  fluctuations  below  are  not  evident  in  the 
radiometrically  sensed  profile  (Westwater  and  Decker, 
1977). 

Other  attempts  to  measure  humidity  profiles  have  recently 
been  made  using  a  high  resolution  interferometer  sounder 
(HIS)  operating  in  the  5  -  20  /an  band  (Rugg,  1992). 


Figure  12.  Radiometrically  retrieved  water  vapor  profile 


pjz)  (dashed)  and  radiosonde  profile  (solid). 


While  this  technique  showed  some  minor  improvements 
compared  to  microwave  radiometry,  it  still  does  not 
produce  humidity  profiles  with  a  resolution  suitable  for 
radio  propagation  assessment  purposes.  Figure  13  shows 
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Figure  13.  HIS  retrieved  temperature  and  dewpoint 
profiles  (dashed)  and  MRS  (Mini  Rawin  System)  (solid). 


a  comparison  of  temperature  and  dewpoint  profiles 
retrieved  from  the  HIS  to  radiosonde  measurements 
(Wash  and  Davidson,  1994).  The  radiometrically 
retrieved  temperature  profile  is  in  good  agreement  with 
the  radiosonde  while  the  radiometrically  retrieved 
dewpoint  profile  misses  the  vertical  gradients  that  are 
crucial  to  propagation  assessment. 

In  conclusion,  microwave  and  infrared  radiometry,  by 
themselves,  are  presently  not  capable  of  retrieving  vertical 
humidity  profiles  with  an  accuracy  necessary  for  radio 
propagation  assessment  purposes.  However,  radiometry 
can  play  an  important  role  as  one  component  in  a  data 
assimilation  system  consisting  of  sensed  and  modeled 
fields. 

Satellite  Sensing  Techniques 

Because  of  the  potential  for  global  coverage,  refractivity 
sensing  from  satellites  would  be  very  desirable.  In 
principle,  all  of  the  above  mentioned  remote  humidity 
profile  (refractivity)  sensors  could  be  deployed  from 
satellites  and  some  already  are  (radiometers).  Because  of 
the  limitations  of  the  remote  refractivity  sensors  discussed 
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above,  none  are  likely  to  provide  the  desired  information 
by  themselves.  For  determining  evaporation  duct  heights, 
which  require  no  continuous  profile  data  but  only  four 
surface  or  near-surface  parameters,  Cook  (1992)  has 
proposed  a  scheme  of  combining  satellite-sensed  (ocean 
surface  temperature,  near-surface  wind  speed,  and 
radiometry)  data  with  outputs  from  numerical  weather 
models  in  data  assimilation  systems.  This  kind  of  an 
approach  is  very  likely  to  become  more  important  in  the 
future  (Wash  and  Davidson,  1994).  Additional  interesting 
techniques  have  been  proposed  to  use  satellite  data  such 
as  visible  and  infrared  imagery  to  infer  ducting  conditions. 
Rosenthal  and  Helvey  (1992)  have  pioneered  subjective 
and  objective  techniques  and  demonstrated  remarkable 
success  in  relating  cloud  patterns  to  ducting  conditions  in 
the  Southern  California  off-shore  area.  Their  approach 
assumes  an  inversion-dominated  weather  regime  with  low 
stratus  or  stratocumulus  clouds  that  are  lowest  and  flattest 
over  the  eastern  parts  of  the  subtropical  oceans  where  the 
overlying  inversion  is  lowest  and  strongest.  They 
developed  statistical  relationships  between  cloud  patterns 
and  radiosonde-derived  ducting  conditions.  They  also 
derived  an  objective  duct  height  estimate  by  correlating 
radiosonde  statistics  to  cloud-top  temperatures  deduced 
from  infrared  imagery  (Helvey  and  Rosenthal,  1994). 

Radio  Propagation  Techniques 

One  remote  sensing  technique  of  high  potential  for 
operational  assessment  involves  monitoring  known  radio 
transmitters.  Especially  in  coastal  regions,  one  usually 
finds  an  abundance  of  land-based  transmitters  which  can 
be  passively  monitored  off-shore.  Signal  levels  of  known 
emitters  may  be  related  to  refractivity  structure.  Hitney 
(1992)  used  refractivity  profile  statistics  in  the  S. 
California  coastal  region  to  derive  correlations  between 
radio  signals  and  height  of  the  trapping  layer,  which 
usually  coincides  with  the  base  of  the  temperature 
inversion  in  this  region.  This  single-path,  single¬ 
frequency  method  can  undoubtedly  be  improved  by  using 
multiple  paths  and  multiple  frequencies.  Part  of  the  above 
mentioned  VOCAR  effort  addresses  remote  sensing  based 
on  propagation  data  (Paulus,  1994;  Rogers,  1994a, b). 

Shipboard  radars  may  sense  returns  from  the  sea  surface 
and,  in  the  presence  of  ducting,  these  sea-surface  clutter 
returns  may  be  modified  by  atmospheric  refractivity .  An 
example  is  clutter  rings  that  are  caused  by  multiple 
bounces  of  a  radar  signal  between  an  elevated  refractive 
layer  (responsible  for  a  surface-based  duct)  and  the  sea 
surface.  In  that  case,  the  height  of  the  reflecting  layer 
(height  of  the  duct)  can  be  calculated  from  the  geometry 
involved.  Much  more  difficult  is  separation  of  the 
combined  effects  of  sea-clutter  enhancement  and 
evaporation  ducting.  The  ocean-surface  properties 
affecting  clutter  (such  as  wind  speed  and  direction)  are  not 
necessarily  related  to  evaporation  duct  parameters  and 
both  effects  are  measured  simultaneously.  No  reliable 
technique  has  been  proposed  to  separate  the  two  effects, 
which  is  necessary  before  shipboard  radars  may  be  used 


as  evaporation  duct  sensors. 

Another  technique  involves  radio  signals  emitted  from 
satellites  in  an  attempt  to  relate  refractive  bending  to 
refractivity  structure.  The  bending  effect  is  only 
significant  within  a  few  degrees  of  the  horizon  and, 
therefore,  primarily  of  interest  over  oceans  where 
unobstructed  horizons  are  found.  Refractivity  structure 
may  be  deduced  from  a  shift  in  the  observed  interference 
pattern  when  compared  to  standard  conditions  (Anderson, 
1982).  Anderson  (1982)  had  moderate  success  inferring 
refractivity  profiles  but  not  with  sufficient  reliability  to 
recommend  the  technique  for  routine  use.  This  technique 
is  presently  being  reexamined  using  Global  Positioning 
System  (GPS)  signals  which  have  much  higher  phase 
stability  than  previously  available. 

One  very  important  aspect  of  remote  sensing  using  radio 
propagation  data  is  that  the  path-integrated  effect  of 
refractivity  can  be  measured  instantaneously  to  any 
degree  of  desired  accuracy.  The  accuracy  of  data 
assimilation  systems  based  on  remote  and  direct  sensors, 
numerical  meteorological  models,  and  other  information 
is  very  difficult  to  verily  experimentally  because  this 
requires  extensive  measurements  in  both  space  and  time. 
Modelers  have  argued  that  their  models  are  better  than 
our  present  ability  to  measure  the  temporal  and  spatial 
structure  of  interest.  That  argument  does  not  apply  to 
careful  radio  propagation  measurements;  any  data 
assimilation  system  addressing  refractivity  can  and  should 
be  objectively  and  quantitatively  evaluated  by  propagation 
data. 

2.4  Data  Assimilation  Systems 

It  is  obvious  from  the  foregoing  that  there  is  no  single 
sensing  technique  that  can  provide  the  needed  refractivity 
information  continuously  and  reliably.  Neither  can  it  be 
expected  that  such  a  technique  will  ever  be  available. 
Even  if  it  were,  for  military  applications  an  ability  to 
forecast  propagation  conditions  is  as  important  as  a 
nowcasting  capability.  Meteorological  mesoscale  models 
are  presently  available  with  20  km  horizontal  grid  spacing 
and  30  levels  total  in  the  vertical;  there  are  ten  grid  points 
in  the  first  500  m  with  a  25  m  spacing  near  the  surface 
and  75  m  near  500  m.  Newer  models  being  tested  now 
have  a  10  km  grid  spacing  and  a  total  of  36  levels  in  the 
vertical  (Burk  et  al.,  1994;  Thompson  et  al.,  1994).  A 
data  assimilation  system  comprising  such  models  and 
utilizing  remotely  and  directly  sensed  refractivity  data  is 
undoubtedly  the  right  approach  to  describe  and  forecast 
refractivity  conditions.  A  major  objective  of  the 
previously  mentioned  VOCAR  program  is  providing  a 
data  base  to  evaluate  a  data  assimilation  system  under 
development  by  the  US  Navy. 
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3.  AEROSOL  EXTINCTION 

3.1  Structure  and  Variability 

The  high  emphasis  on  smart  weapons  with  electrooptical 
(EO)  sensors  is  putting  increasing  demands  on  assessment 
of  atmospheric  EO  effects.  In  comparison  to  refractivity 
assessment  where  the  spatial  scales  of  interest  are  in  the 
tens  to  hundreds  of  km,  for  EO  applications  the  scales  of 
interest  are  usually  an  order  of  magnitude  less.  Also, 
atmospheric  variability  can  be  much  larger  for  EO 
systems  than  for  those  dependent  on  radio  refractivity. 
For  example,  the  extinction  of  a  cloud  may  be  many 
hundreds  of  dB  above  clear  conditions,  which  poses  a 
particularly  challenging  problem  for  real-time  prediction 
of  EO  propagation  conditions  through  broken  clouds.  To 
illustrate  the  complexity  of  EO  propagation  assessment,  an 
example  is  presented  which  does  not  even  involve  clouds 
(Richter  and  Hughes,  1991).  Figure  14  shows  predicted 
and  measured  detection  ranges  for  an  airborne  thermal 
imaging  system  (Forward  Looking  Infrared  or  FLIR) 
against  a  large  ship  target.  The  scatter  in  figure  14  is 
indicative  of  the  uncertainty  in  many  parameters 
contributing  to  detection  range  calculations:  there  is  the 


Figure  14.  Observed  and  calculated  detection  ranges  for 
a  thermal  imaging  system. 


subjective  element  of  the  operator  to  call  a  signal  on  the 
screen  a  detection;  the  general  condition  and  calibration  of 
the  complex  hardware  involved;  the  adequacy  of 
meteorological  data,  which  may  come  from  other 
locations  and  taken  at  different  times;  the  validity  of 
models  that  translate  observed  meteorological  data  into 
parameters  important  for  EO  propagation  such  as  aerosol 
extinction;  and  the  variability  of  all  factors  affecting 
propagation  along  the  path.  Considering  the  potential 
contribution  that  each  of  the  above  uncertainties  may  have 
on  the  detection  range  calculation,  the  scatter  in  figure  14 
is  not  unexpected.  It  is,  however,  unacceptable  for  the 
operational  use  of  thermal  imaging  systems  and  steps  need 
to  be  taken  to  reduce  the  scatter  and  provide  more  precise 
detection  range  predictions. 

There  are  four  atmospheric  parameters  which  affect  EO 


propagation:  (a)  molecular  extinction;  (b)  turbulence;  (c) 
refraction;  and  (d)  extinction  (i.e.,  absorption  and 
scattering)  by  aerosols.  Molecular  extinction  by  the 
various  gases  found  in  the  atmosphere  is  well  understood 
for  most  EO  systems  applications.  Molecular  extinction 
can  be  quite  severe  in  certain  spectral  regions,  which  EO 
systems  either  avoid  or  sometimes  exploit.  Atmospheric 
turbulence  may  degrade  the  coherence  of  a  high-resolution 
image  or  change  the  precise  position  of  a  laser  beam  and 
thereby  limit  the  performance  of  a  system.  Refraction 
may  bend  the  propagation  of  optical  energy  and  may,  for 
example,  shorten  or  extend  the  optical  horizon.  In  the 
following,  only  the  question  of  sensing  aerosol  extinction 
is  addressed  since  aerosol  extinction  is  by  far  the  most 
significant  limitation  for  EO  sensors  and  also  it  is  the 
most  difficult  to  measure  and  predict. 

3.2  Direct  Sensing  Techniques 

Detection  and  sizing  of  aerosol  particles  can  be  done  by 
passing  an  air  sample  through  a  laser  beam  and  measuring 
the  scattered  radiation.  An  example  is  the  family  of 
"Knollenberg"  drop-size  spectrometers  available  from 
Particle  Measuring  Systems.  An  evaluation  of  these 
devices  was  done  by  Jensen  et  al.  (1983).  Usually  more 
than  one  drop-size  spectrometer  is  needed  since  no  single 
instrument  is  capable  of  measuring  aerosol  distributions 
ranging  from  submicron  to  tens  of  microns  in  diameter 
with  number  densities  (numbers  of  aerosols  per  unit 
volume)  spanning  more  than  12  orders  of  magnitude  over 
these  size  ranges.  Other  methods  to  determine  aerosol 
concentration  and  sizes  include  impaction  devices,  cloud 
chambers,  electrostatic  mobility  devices  and  centrifuges. 
Other  instruments  measure  the  combined  molecular  and 
aerosol  volume  scattering  (nephelometers  and  visibility 
meters)  and  extinction  (transmissometers).  The  above 
instruments  are  delicate  and  expensive  optical  instruments 
and  not  suited  for  all  applications.  In  particular,  unlike 
the  radiosonde,  they  are  neither  light-weight  nor 
expendable,  which  limits  vertical  profiling  to  tethered 
balloons  or  aircraft.  The  above  instruments  may  be 
impractical  even  for  point-measurements  such  as  the 
measurement  of  large  aerosols  close  to  the  ocean,  which 
are  important  for  near-horizon  passive  infrared  (IR) 
detection  of  low-flying  anti-ship  missiles.  De  Leeuw 
(1986a;  1986b)  used  a  Rotorod™  impactor  to  collect  near- 
surface  large  aerosols  for  analysis  under  a  microscope. 
The  Rotorod™  (available  from  Sampling  Technologies, 
Los  Altos,  California)  is  a  volumetric,  rotating-arm 
impaction  device  capable  of  obtaining  quantitative  aerosol 
data  in  the  10  -  100  micron  size  range. 

3.3  Remote  Sensing  Techniques 
Lidars 

The  desire  for  vertical  or  slant-path  extinction  profiles 
prompted  numerous  attempts  to  employ  lidars  as  described 
by  Richter  and  Hughes  (1991).  The  utility  of  a 
monostatic  lidar  system  as  a  remote  sensor  for  obtaining 
temporal  and  spatial  information  about  the  dynamic 
processes  of  the  atmosphere  is  well  established 
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(Noonkester  et  al.,  1972).  By  measuring  the  power 
backscattered  from  a  laser  pulse  at  a  given  range  to  a 
receiver,  the  movement  and  relative  concentrations  of 
naturally  occurring  aerosols,  industrial  pollutants  or 
battlefield  obscurants  can  be  monitored  and  the  bases  of 
clouds  determined.  Remote  mapping  of  wind  velocities 
and  flow  patterns  over  large  portions  of  the  atmosphere 
can  also  be  carried  out.  In  these  applications,  the  lidar  is 
used  as  a  tracer  of  aerosols  that  scatter  the  incident 
radiation  rather  than  as  a  probe  for  studying  the  aerosols’ 
optical  properties. 

For  a  given  aerosol  size  distribution,  extinction  can  be 
determined  from  Mie  theory  assuming  that  aerosols  scatter 
and  absorb  radiation  as  if  they  were  spheres  of  known 
refractive  indices.  For  example,  in  the  well-mixed  marine 
boundary  layer,  relative  humidities  are  usually  high 
enough  that  most  of  the  aerosols  are  hydrated,  taking  on 
a  spherical  shape.  But  above  the  boundary  layer,  where 
relative  humidities  are  lower,  aerosols  may  be  non-spheri- 
cal.  In  such  cases,  the  optical  properties  predicted  for 
spheres  may  differ  by  as  much  as  an  order  of  magnitude 
from  those  observed. 

The  single-scatter  lidar  equation  is  given  by  the  relation 

r 

S(r)  =ln[P(r)r  2]  =  InK +ln  p  (r)  -2  f  a(r')dr'  (4) 

o 

In  this  equation  P(r)  is  the  power  received  from  a 
scattering  volume  at  range  r,  K  is  the  instrumentation  con¬ 
stant,  and  f}( r)  and  a(r)  are  the  volumetric  backscatter  and 
extinction  coefficients,  respectively.  In  differential  form 
this  equation  is 

^=J_rfPW_2o(r)  (5) 

dr  P(r)  dr 

The  solution  of  equation  (5)  requires  knowing  or  assuming 
a  relationship  between  (3(r)  and  a(r).  However,  if  the 
atmosphere  is  homogeneous,  the  extinction  coefficient  can 
be  simply  expressed  in  terms  of  the  rate  of  change  of 
signal  with  range,  i.e.,  a  =  -lA  [ds(r)/dr].  A  plot  of  S(r) 
vs.  r  would  then  yield  a  straight  line  whose  slope  is  -2cr. 
However,  horizontally  homogeneous  conditions  are  not 
generally  found. 

An  assumed  relationship  between  backscatter  and 
extinction  coefficients  can  be  eliminated  by  comparing  the 
powers  returned  from  a  volume  common  to  each  of  two 
lidars  located  at  opposite  ends  of  the  propagation  path. 
For  this  double-ended  lidar  configuration,  the  range- 
dependent  extinction  coefficient  can  be  shown  (Hughes 
and  Paulson,  1988)  to  be  related  to  the  slope  of  the 
difference  in  the  range  compensated  powers  measured  by 
the  two  lidars  at  the  common  range  r  by  equation  (6). 
However,  the  receiver  gain  of  both  lidars  must  be 
accurately  known  since  it  affects  the  slope  characteristics 


1  d  (6) 

4  dr 

of  the  individual  S(r)  curves.  Although  the  double-ended 
technique  has  practical  limitations  for  tactical  situations, 
e.g.,  for  slant  path  measurements  at  sea,  it  is  feasible  to 
use  it  in  aerosol  studies  and  to  evaluate  various  single- 
ended  schemes  for  measuring  extinction.  Hughes  and 
Paulson  (1988)  used  the  double-ended  lidar  configuration 
over  a  1  km  inhomogeneous  slant  path  to  demonstrate  that 
if  the  value  of  C(r)  varies  with  range,  but  is  assumed  to 
be  a  constant,  single-ended  algorithms  will  not  allow 
range-dependent  extinction  coefficients  to  be  determined 
with  any  assured  degree  of  accuracy  even  if  the  initial 
boundary  values  are  specified.  If,  however,  the  manner 
in  which  C(r)  varies  is  specified,  single-ended  inversion 
techniques  reproduce  the  double-ended  measurements 
remarkably  well.  It  is,  therefore,  concluded  that  range- 
dependent  extinction  coefficients  cannot  be  determined 
from  simple,  single-ended  lidar  measurements  with  any 
assured  degree  of  accuracy  unless  either  the  backscat- 
ter/extinction  coefficient  ratio  is  known  along  the 
propagation  path  or  the  atmosphere  is  horizontally 
homogeneous. 

For  a  single-ended  lidar  to  become  a  useful  operational 
tool,  innovative  concepts  need  to  be  pursued.  A  single- 
ended  lidar  technique  has  been  proposed  by  Hooper  and 
Gerber  (1986;  1988)  to  measure  optical  depths  when  used 
looking  down  from  an  aircraft  or  satellite  at  the  ocean 
surface  and  when  the  reflection  properties  of  the  surface 
are  known.  In  this  technique,  two  detectors  are  used: 
one  with  a  narrow  field-of-view,  which  measures  the 
power  directly  reflected  off  the  rough  ocean  surface  and 
another  with  a  wide  field-of-view  where  the  directly 
reflected  photons  are  blocked  (aureole  detector). 
Bissonette  and  Hutt  (1989)  described  a  technique  based  on 
the  simultaneous  measurement  of  lidar  returns  at  different 
fields  of  view.  By  ratioing  these  returns,  the  need  for  a 
backscatter-to-extinction  relationship  is  eliminated.  So 
far,  none  of  these  techniques  have  been  widely  accepted. 
Finally,  even  if  a  lidar  would  produce  reliable  extinction 
profiles  at  one  wavelength,  the  question  remains  of  how 
to  extrapolate  the  data  to  other  wavelength  bands. 

Satellite  Techniques 

Griggs  (1983)  and  Durkee  et  al.  (1986)  inferred  aerosol 
optical  thickness  using  satellite  radiance  measurements 
over  oceans.  Their  technique  is  based  on  a  linear 
relationship  between  the  upwelling  radiance  measured  by 
a  satellite  over  the  ocean  and  the  optical  depth  of  the 
atmosphere.  This  approach  is  applicable  over  water 
surfaces  since  they  have  a  low  reflectance  (close  to  zero) 
so  that  the  upwelling  radiance  is  essentially  all  due  to 
atmospheric  scattering.  Over  land  surfaces  (which  have 
a  much  larger  albedo),  the  upwelling  radiance  is  mostly 
reflected  from  the  surface  and  is  less  sensitive  to  change 
in  atmospheric  aerosols.  This  technique  provides  global 
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atmospheric  optical  depth  data  but  is  only  useful  over 
oceans. 

3.4  Data  assimilation  systems 

No  single  sensing  technique  is  available  that  provides 
accurate,  three-dimensional,  time  varying  aerosol 
extinction.  Vertical  aerosol  distributions  over  water  can 
be  related  to  commonly  observed  meteorological 
parameters  (Gathman,  1989;  Gathman  and  Davidson, 
1993).  A  data  assimilation  system  which  combines  sensed 
extinction  data  and  aerosol  profiles  calculated  from 
numerical  meteorological  mesoscale  models  is  presently 
the  best  approach  to  provide  extinction  data.  Such 
systems  are  under  development  but  will,  initially,  not  have 
the  resolution  desired  for  EO  systems  performance 
assessment. 

4.  CONCLUSIONS 

Direct  sensing  techniques  for  vertical  refractivity 
(humidity)  profiles  are  well  established,  are  relatively  easy 
to  obtain,  inexpensive,  and  provide  useful  results  for 
propagation  assessment  purposes.  Lidar  remote  sensing 
techniques  provide  excellent  vertical  refractivity 
(humidity)  profiles  when  background  noise  and  aerosol 
extinction  are  low.  Techniques  involving  satellite  sensors 
or  sensing  of  satellite  signals  show  promise  in  the  future. 
Direct  sensing  of  aerosol  extinction  is  also  well 
established  even  though  the  instrumentation  is  delicate  and 
expensive.  Attempts  to  remotely  sense  aerosol  extinction 
profiles  using  lidar  techniques  have  not  yet  resulted  in 
generally  available  instrumentation  that  would  provide 
data  with  adequate  and  assured  accuracy.  The  best 
approach  to  obtaining  both  refractivity  and  aerosol 
extinction  is  the  development  of  data  assimilation  systems 
which  combine  sensed  data  and  data  derived  from  high- 
resolution  meteorological  mesoscale  models. 
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DISCUSSION 


C.  R.  PHILBRICK  (Comment) 

The  N2  Raman  technique  does  give  us  now  the  opportunity  to  obtain  the  true  extinction.  The 
double-ended  backscatter  lidar  experiment  of  your  group  provides  a  beautiful  example  of  a  way 
to  use  the  backscatter  signal  to  obtain  true  extinction.  The  missing  information  on  forward 
scatter  comes  from  the  second  backscatter  profile.  In  the  case  of  N2  Raman,  the  forward  scatter 
information  comes  from  the  relative  decrease  in  the  molecular  scatter  of  the  succeeding  volume 
element.  The  N2  Raman  Technique  is  presently  limited  to  a  relative  narrow  range  of  optical 
density  however  and  it  cannot  provide  information  in  strong  cloud  layers. 

U.  LAMMERS 

In  order  to  predict  tropospheric  radio  wave  propagation  accurately,  the  spatial  and  temporal 
distribution  of  meteorological  parameters  has  to  be  known  quite  accurately.  Has  there  been 
progress  made  recently,  both  in  the  accuracy  and  affordability  of  measuring  these  meteorological 
parameters  directly? 

AUTHOR’S  REPLY 

I  discussed  in  my  talk  status  and  promise  of  various  sensing  techniques.  Improving  the  accuracy 
of  direct  sensing  techniques  will  not  result  in  improved  radio  propagation  predictions  for  the 
reasons  given  in  the  paper. 
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SUMMARY 

Propagation  assessment  tools,  such  as  the  Engineer's 
Refractive  Effects  Prediction  System,  provide  a  near 
real-time  capability  to  evaluate  the  performance  of  radar 
and  communication  systems  and  include  tactical 
decision  aids  that  can  be  used  to  mitigate  or  exploit 
atmospheric  effects  on  propagation.  However,  a  crucial 
factor  for  these  analytical  tools  is  a  thorough  knowledge 
of  the  spatial  distribution  of  refractivity.  Quantifying 
the  refractivity  structure  is  a  difficult  problem  especially 
in  the  littoral  zone  where  the  sharp  contrast  between 
land  and  sea  strongly  contributes  to  both  spatial  and 
temporal  variability. 

A  technique  to  remotely  sense  the  vertical  refractivity 
profile  of  the  lower  atmosphere  is  examined.  This 
technique  infers  the  refractive  structure  from  ground- 
based  measurements  of  GPS  satellite  signals  as  the 
satellite  rises  or  sets  on  the  horizon.  There  are  obvious 
advantages  to  this  concept.  Results  from  a  series  of 
satellite-to-ground  signal  measurements  are  presented 
and  compared  to  “ground  truth”  measurements  made 
using  radiosondes  and  an  instrumented  aircraft. 

1.  INTRODUCTION 

Modern  naval  microwave  communication  and  sensor 
system  performance  can  be  greatly  affected  by  the 
spatial  distribution  of  the  refractive  index  in  the  lower 
atmosphere.  A  famous  example  of  refractive  effects  on 
signal  propagation  is  the  WW  II  sighting  of  the  Arabian 
coast  with  a  200  MHz  radar  from  India  1700  miles  away 
[Freehafer,  1951],  Although  a  strong  refractive 
gradient  can  confine  an  electromagnetic  wave  within  a 
vertically  thin  layer  such  that  over-the-horizon  fields 
may  be  many  tens  of  decibels  higher  than  expected, 
conditions  have  been  observed  where  radars  could  not 
detect  a  surface  target  that  was  optically  visible 
[Freehafer,  op.  cit. ] . 

In  recent  years,  considerable  effort  has  been  put  forth  to 
create  computer-based  systems  to  assess  refractive 
effects  on  signal  propagation  in  the  lower  atmosphere 
[Hitney  and  Richter,  1976],  These  assessment  tools 
provide  a  near-real-time  capability  to  evaluate  the 
performance  of  radar  and  communication  systems  and 


include  tactical  decision  aids  for  mitigation  or 
exploitation  of  atmospheric  propagation  effects. 
However,  a  crucial  factor  for  these  analysis  tools  is  a 
thorough  knowledge  of  the  spatial  distribution  of 
refractivity. 

Conventional  direct  atmospheric  sensing  by  radiosondes 
or  airborne  microwave  refractometers  is  inconvenient 
and  expensive.  In  addition,  these  sensors  measure  the 
refractivity  in  a  limited  volume  of  space.  A  radiosonde 
rising  through  the  atmosphere  measures  refractivity 
along  the  line  of  its  ascent.  Although  typical  correlation 
scales  for  refractivity  are  tens  of  km  in  the  horizontal, 
tens  of  m  in  the  vertical,  and  hours  in  time,  typical 
propagation  problem  scales  are  tens  to  hundreds  of  km 
in  the  horizontal,  one  to  ten  km  in  the  vertical,  and 
hours  in  time.  Generally,  without  additional  radiosonde 
or  refractometer  measurements,  horizontal  homogeneity 
in  the  refractive  structure  is  a  necessary  assumption. 

A  technique  to  infer  the  vertical  refractive  profile  of  the 
lower  atmosphere  from  ground-based  measurements  of 
GPS  satellite  signals  as  the  satellite  rises  or  sets  on  the 
horizon  has  obvious  advantages.  First,  the  inferred 
profiles  will  be  representative  of  the  integrated  refractive 
effects  along  the  range-height  path  instead  of  a  single 
time  and  space  line  representation  of  refractivity. 
Second,  with  the  completion  of  the  GPS  constellation, 
there  are  a  number  of  times  per  day  (84  at  most)  when  a 
GPS  satellite  will  rise  or  set  on  the  horizon.  A  receiver 
located  near  the  equator  will  see  rise  and  set  locations 
nearly  uniformly  distributed  in  azimuth.  As  the  receiver 
latitude  approaches  either  pole,  there  will  be  fewer  and 
fewer  rise  and  set  locations  in  the  direction  of  the  pole. 
A  third  advantage  to  this  concept  is  the  leveraging  of  a 
multi-billion  dollar  system  that  is  fully  functional.  The 
satellites  are  in  place,  the  signal  structure  is  well  known, 
the  hardware  is  mature,  and  the  receivers  are 
commercially  available.  Lastly,  the  concept  is  one  that 
can  easily  be  automated.  Ideally,  a  GPS  receiver  and  a 
small  computer  are  all  that  is  needed  for  processing.  A 
microcomputer  has  the  computational  horsepower  to 
control  the  receiver,  process  the  data,  infer  the  profile, 
and  even  transfer  the  profile  to  propagation  assessment 
computer  systems. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “ Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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This  is  a  fresh  look  at  the  problem  of  inferring  the 
refractive  profile  from  monitoring  satellite  signals  as 
described  by  Anderson  [1982]  and  patented  by  Hitney 
[1978],  For  example,  the  upper  plot  of  figure  1  shows 
the  modeled  and  observed  interference  pattern  (Lloyd's 
Mirror  effect)  where  the  abscissa  is  ground  range  to  the 
satellite  subpoint  (in  km)  and  the  ordinate  is 
propagation  loss.  The  observed  data  (dotted  line)  are 
from  a  set  of  measurements  made  on  28  July  1978  at  the 
Naval  Command.  Control  and  Ocean  Surveillance 
Center,  RDT&E  Division  (NRaD)  using  signals  from 
the  Wideband  satellite  (see  Anderson,  op.  cit.).  The 
transmission  frequency  was  1239  MHz  and  the  satellite 
was  in  a  nominal  1000  km  polar  orbit.  The  modeled 
interference  pattern  (solid  line)  is  derived  from  the 
refractivity  profile  measured  at  the  receiver  site  with  a 
radiosonde  and  a  unique  propagation  model  [ Hitney , 
1993]  that  combines  ray  optic  and  parabolic  equation 


28  July  1978  2H88Z 
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Figure  1.  Measured  and  modeled  data  from  the  PRISM  experiment. 


methods  to  evaluate  the  wave  equation  for  propagation 
on  satellite-lo-ground  paths.  At  the  closest  subsatellite 
ranges  (highest  elevation  angles),  the  predicted  and 
observed  interference  pattern  are  in  excellent  agreement. 
At  the  farthest  subsatellite  ranges,  the  patterns  are 
different,  which  likely  indicates  that  the  refractivity 
profile  measured  near  the  receiver  is  not  representative 
of  the  conditions  along  the  path. 

The  bottom  plot  on  figure  1  is  a  range-height  diagram  of 
propagation  loss  for  the  same  case.  Small  changes  in 
the  refractivity  profile  70  to  80  km  down  range  from  the 
receiver  could  have  a  large  effect  on  the  stretching  or 
contraction  of  the  interference  pattern  at  long 
subsatellite  ranges.  Unfortunately,  the  refractive 
conditions  at  these  distances  were  not  measured  in  1978. 
However,  the  data  displayed  in  figure  1  clearly  shows 
that  there  are  reasonable  possibilities  of  estimating  the 
effective  refractive  profile  from  RF  measurements  along 
a  satellite-to-ground  path. 

The  generally  good  agreement  between  measured  and 
modeled  data  encouraged  the  development  of  an  effort  to 
infer  the  vertical  refractivity  profile  from  GPS  signal 
measurements.  In  the  following  paragraphs,  the 


selection  of  a  GPS  receiver  is  examined,  the  propagation 
model  is  reviewed,  and  comparisons  of  modeled  to 
measured  data  are  presented. 

2.  SELECTION  OF  A  GPS  RECEIVER 
In  1978,  the  measurement  equipment  needed  to  monitor 
and  record  the  Wideband  satellite  signals  occupied  three 
racks.  Today,  high  performance,  multi-channel,  GPS 
receivers  are  smaller  than  a  brief  case  and  are  readily 
available.  However,  one  problem  in  selecting  a  GPS 
receiver  is  that  the  manufacturers  specifications  are 
almost  exclusively  related  to  geodetic  capabilities  where 
the  satellites  are  generally  well  above  the  horizon. 
Detection  and  tracking  of  GPS  signals  when  the  satellite 
is  near  the  horizon  is  one  of  the  most  stressful  cases  for 
the  receiver;  it  is  crucial  to  the  success  of  inferring  the 
refractivity. 

A  market  survey  of  equipment  manufacturers  was 
conducted  in  early  summer  of  1993.  From  this  survey, 
three  manufacturers  responded  with  equipment  that 
could  be  usable.  The  manufacturers  and  equipment  are 
listed  in  table  1.  Allen  Osborne  Associates,  Inc.  (AO A) 
and  Trimble  Navigation  Ltd.  graciously  loaned  their 
equipment  free  of  charge  for  testing  at  NRaD.  Ashtech, 
Inc.  agreed  to  rent  their  equipment  for  a  nominal  fee. 
All  three  companies  provided  excellent  technical 
support  during  the  tests. 


Company 

Equipment 

Allen  Osborne  Associates 

Turbo  Rogue 

Ashtech 

MD  XII  C 

Trimble  Navigation 

4000  SSE 

Table  1.  GPS  receivers  examined. 


Figure  2  is  a  typical  display  of  the  signal-to-noise  (SNR) 
ratio  for  the  C/A,  PI,  and  P2  code  loops  extracted  from 
the  AOA  receiver  as  a  satellite  was  rising  above  the 
horizon.  The  abscissa  is  the  geometric  elevation  angle 
between  the  satellite  and  the  receiver,  which  was  located 
at  an  orthometric  height  of  42  meters.  C/A  and  PI  code 
are  transmitted  on  the  same  frequency,  LI,  at  1575.42 
MHz.  P2  code  is  transmitted  on  a  lower  frequency,  L2, 
at  1227.60  MHz. 

The  interference  pattern  is  readily  observable  for 
elevation  angles  greater  than  about  one  degree.  At 
lower  angles,  only  portions  of  the  pattern  are  observed. 
This  is  expected  as  the  digital  lock  loop  breaks  lock 
when  no  signal  is  present  (in  a  null)  and,  after  some 
period  of  time,  the  loop  reacquires  the  signal  after  the 
signal  has  exceeded  a  SNR  threshold  enabling  the  loop 
to  lock.  For  a  rising  satellite,  the  “half  pattern”  is 
toward  higher  elevation  angles.  For  setting  satellites, 
the  half  pattern  is  toward  lower  elevation  angles. 
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AOA  TurboRogue  SNR-8  Q00 

Satellite  25,  Rising  at  326  Degrees 
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Figure  2.  AOA  Turbo  Rogue  receiver  measurements  made  on  10  August 
1993  at  NRaD. 


Measurements  using  the  Trimble  4000  SSE  are  typified 
by  the  data  displayed  in  Figure  3.  The  raw  SNR  data 
from  this  unit  are  expressed  in  counts  and  are  plotted  as 
decibels  relative  to  one  count  for  comparison  with  the 
AOA  receiver  data.  On  LI,  the  Trimble  unit  first 
acquires  the  C/A  code  then  switches  to  track  the  PI 
code.  Compared  to  the  AOA  SNR  plot,  the  sparse  data 
from  the  Trimble  unit  indicate  that  extraction  of  the 
interference  pattern  is  much  more  difficult.  In  addition, 
the  P2  data  are  not  nearly  as  complete  compared  to 
AOA  P2  data. 

The  Ashtech  MD  XII  receiver  monitors  only  P  code; 
C/A  code  processing  is  not  available.  Figure  4  shows  a 
typical  set  of  data  from  the  Ashtech  unit  for  a  rising 
satellite.  Like  the  Trimble  unit,  the  MD  XII  raw  SNR 
for  the  P  code  loops  are  expressed  in  counts.  However, 
unlike  the  Trimble  unit,  the  dynamic  range  of  the  P2 
count  is  small,  ranging  between  0  and  10  in  integer 
steps.  It  is  unlikely  that  any  information  on  the  P2  loop 
could  be  used  to  construct  an  interference  pattern. 
While  the  PI  loop  data  indicates  the  interference  pattern 
at  least  as  well  as  the  Trimble  unit,  the  Ashtech  MD  XII 
does  not  seem  to  be  able  to  acquire  the  signal  much 

Trimble  4000  SSE 
SalelLile  20,  Ritring  al  304  Degrota 


Figure  3.  Trimble  receiver  measurements  made  on  22  August  1993  at 
NRaD. 


before  the  time  when  the  satellite  is  at  zero  degrees. 
This  “fault”  appears  to  be  associated  with  the  firmware 
control  of  the  receiver  (that  is,  it  suspected  that  the 
firmware  doesn’t  begin  to  look  for  the  satellite  until  the 
satellite  is  close  to  or  exceeding  zero  degrees  elevation). 
Rocken  and  Meertens  [1992]  also  indicate  that  the 
Ashtech  receiver  does  not  lock  and  track  at  very  low 
elevation  angles. 

Although  not  ideal  as  a  GPS  receiver  for  this  effort  (see 
Anderson ,  1994),  the  Turbo  Rouge  receiver  is 
considered  the  “best”  receiver  of  the  three  high 
performance,  geodetic  quality  receivers  that  were  tested. 
A  precise  positioning  service  (PPS)  receiver  was  ordered 
from  AOA  for  delivery  to  NRaD  by  the  end  of  April 
1994.  However,  AOA  has  only  been  able  to  ship  a 
standard  positioning  service  (SPS)  receiver;  approval  for 
AOA  to  deliver  a  PPS  receiver  is  pending  with  the  GPS 
Joint  Program  Office  (JPO),  which  is  the  controlling 
agency  for  GPS. 

Before  examining  results  obtained  with  the  SPS 
receiver,  the  next  section  will  review  the  propagation 
modeling. 


Ashtech  MD-XJI 
Satellite  20,  Rising  at  304  Dogreoa 
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Figure  4.  Ashtech  receiver  measurements  made  on  25  August  1993  at 
NRaD. 


3.  PROPAGATION  MODELING 

Modifications  that  extend  the  Radio  Physical  Optics 
(RPO)  propagation  model  [ Hitney ,  1992]  to  handle 
ground-to-satellite  paths  are  described  in  an  earlier 
AGARD  paper  [ Hitney ,  1993],  A  split-step  parabolic 
equation  (PE)  model  is  used  for  low  elevation  angles 
and  low  terminal  heights.  An  extended-optics  method  is 
used  to  trace  a  family  of  rays  originating  at  the  top  of  the 
PE  region  at  elevation  angles  determined  by  ray-optics 
methods.  The  propagation  factor  F  (the  ratio  of  the  field 
strength  to  the  free-space  field  strength)  is  computed  by 
the  PE  model  at  the  top  of  the  PE  region  and  is  kept 
constant  along  each  ray. 
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To  trace  a  ray  from  the  top  of  the  PE  region  to  the 
satellite,  the  refractivity  at  all  altitudes  must  be  known. 
The  refractivity  model  consists  of  four  regions:  A  linear 
region  that  extends  from  the  surface  to  a  altitude  of  4.85 
km;  an  exponential  region  that  extends  from  4.85  km  to 
50  km  where  the  relationship  between  altitude  and 
refractivity  follows  a  model  proposed  by  Bean  and 
Dutton  [1968]  (this  model,  at  4.85  km,  has  a  refractive 
gradient  equal  to  the  gradient  expected  in  an  adiabatic 
atmosphere,  which  is  typical  of  over-ocean  conditions); 
an  ionospheric  region  that  extends  from  50  to  1000  km 
where  refractivity  is  described  by  Flattery  and  Ramsay 
[1975];  and,  finally,  a  constant  region  that  extends  from 
1000  km  to  the  satellite  altitude  (approximately  20,200 
km)  where  the  refractivity  is  assumed  to  be  zero. 

The  change  in  ground  range  (from  the  receiver,  along 
the  surface  of  the  earth,  to  the  nadir  point  of  the 
satellite)  is  related  to  the  change  in  satellite  altitude  by 


where  a  is  the  earth’s  radius  (6378.135  km),  ca  is  the 
average  value  of  the  ray  characteristic  that  is  expected  in 
all  refractive  conditions  ( ca  =  0.99775),  pa  is  the  average 
of  the  distance  from  the  earth’s  center  (EC)  to  the 
satellite,  ps,  and  the  EC  distance  to  a  normalized 
altitude  of  20183.103  km,  p„,  and  Ap  =  pn  -  ps. 
Equation  1  is  the  ground  range  adjustment  needed  to 
simulate  moving  the  satellite  from  its  actual  altitude  to  a 
normalized  altitude  (GPS  satellite  altitudes  vary  ±400 
km  from  pn).  This  adjustment  allows  RPO  calculations 
to  be  done  at  only  one  altitude,  saving  considerable 
complexity.  The  approximation  differs  from  exact  by  at 
most  ±80  meters,  which  is  considered  negligible  in  this 
analysis. 

The  following  section  examines  some  of  the  results  that 
have  been  obtained  and  compares  them  to  modeled 
results. 

3.  MEASUREMENTS  AND  COMPARISONS 

GPS  satellite  signal  measurements  were  made  on  6  and 
8  June  1994,  20  and  21  July  1994,  and  on  27  and  28 
July  1994.  Surface  and  upper-air  meteorological 
measurements  were  made  near  the  receiver  site,  which 
was  approximately  32  meters  above  the  ocean  with  a 
clear  view  of  the  horizon  from  due  south,  through  west, 
to  nearly  due  north.  In  addition  to  the  meteorological 
measurements  at  the  receiver  site,  an  instrumented 
aircraft  was  flown  at  a  constant  altitude  (about  30  meters 
above  the  ocean  surface)  to  measure  air  temperature, 
dew  point  temperature,  sea  surface  temperature, 
atmospheric  pressure,  and  altitude.  At  designated  points 
along  a  radial  to  or  from  the  receiver  site,  the  aircraft 


ascended  to  an  altitude  of  about  500  meters  in  a  spiral 
motion  and  then  descended  in  the  same  motion  to  its 
original  altitude.  Vertical  profiles  of  refractivity  were 
measured  at  about  7  km  due  west  of  the  receiver  site,  at 
about  50  km  due  south  or  west  from  the  receiver,  and  at 
about  100  km  due  south  or  west  of  the  receiver. 

As  of  Januaiy  1994,  nearly  all  of  the  GPS  satellites  have 
encryption  of  their  signals  enabled.  An  SPS  receiver 
cannot  determine  the  SNR  of  the  P  code  loop  when  P 
code  is  encrypted.  During  the  first  five  measurement 
periods,  only  one  GPS  satellite  was  not  encrypted.  On 
28  July  1994,  GPS  JPO  disabled  encryption  on  all  24 
satellites  for  some  special  testing  and  multiple  satellites 
were  available  to  assess  the  accuracy  of  the  propagation 
models.  Although  only  data  from  28  July  will  be 
examined,  results  are  comparable  to  results  obtained  on 
the  earlier  days. 


Modified  Refractivity  (M-Unit>) 


Figure  5.  The  refractive  profile  measured  near  the  receiver  on  28  July 
1994  at  1933Z. 

Figure  5  shows  the  modified  refractivity  profile  that  was 
measured  on  28  July  1994  at  1933Z.  This  profile  was 
measured  by  a  balloon-launched  radiosonde  package 
that  was  launched  from  a  position  near  the  receiver  site. 
The  data  from  the  radiosonde  were  recorded  and 
processed  by  a  Vaisala  Mini  Rawin  System  (MRS). 

Figure  6  shows  the  modified  refractivity  profiles  that 
were  measured  by  the  aircraft  as  it  was  traveling  on  a 
east-west  radial  from  the  receiver  site.  Compared  to  the 
profile  in  Figure  5,  these  profiles  are  similar  in  that  they 
all  show  a  moderate  elevated  duct. 


Figure  6.Modified  refractivity  profiles  measured  by  the  aircraft  on  28 
July  1994.  Radial  is  due  west  from  the  receiver. 
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Table  2  lists  the  estimated  range  dependent  height  and 
modified  refractivity  pairs  (in  a  form  that  is  suitable  for 
input  to  RPO).  At  range  0,  there  is  an  elevated  trapping 
layer  extending  from  572  to  678  meters  that  forms  an 
elevated  duct  whose  base  is  located  at  225  meters.  As 
range  increases,  the  base  of  the  trapping  layer,  the 
thickness  of  the  layer,  and  the  intensity  (M-unit 
difference  between  the  top  and  bottom  of  the  layer)  all 
decrease.  However,  there  is  a  reasonable  indication  of 
horizontal  and  temporal  homogeneity. 


Range 

0  km 

Range 

45  km 

Range 

90  km 

Height 

M-Unils 

Height 

M-Units 

Height 

M-Units 

0 

336.7 

0 

336.7 

0 

336.7 

572 

412.0 

420 

391.1 

420 

391.1 

678 

367.0 

526 

346.9 

470 

370.7 

772 

393.0 

620 

372.9 

620 

390.2 

2772 

653.0 

2620 

632.9 

2620 

650.2 

Table  2.  Estimated  refractivity  profiles  for  28  July  1994. 


Figure  7  compares  the  measured  propagation  loss 
(crosses)  to  the  computed  propagation  loss  (solid  line) 
for  the  L2  frequency  of  satellite  25  as  it  was  rising  at  the 
horizon.  The  computed  propagation  loss  uses  the  range 
0  (range  independent)  profile  from  Table  2.  For  the 
higher  elevation  angles  where  the  subsatellite  range  is 
less  than  about  8400  kin,  there  is  excellent  agreement 
between  the  measured  and  calculated  loss.  However,  at 
the  lower  elevation  angles  (greater  subsatellite  range), 
where  shape  of  the  refractivity  profile  will  have  the 
greatest  influence,  there  is  substantial  difference.  The 
presence  of  measured  data  at  about  8650  km  indicates 
that  there  may  have  been  a  surface-based  duct  at  the 
time  when  the  satellite  was  rising.  One  concern  is  the 
“missing”  data  between  about  8550  and  8650  km.  Is 
this  data  missing  because  the  signal  was  too  weak  to 
receive  or  is  the  data  missing  because  the  receiver’s 
firmware  was  not  actively  searching  for  the  signal?  It  is 
suspected  that  the  data  gap  was  caused  by  the  firmware. 

Figure  8  compares  the  measured  propagation  loss  to  the 
computed  propagation  loss  for  the  L2  frequency  of 
satellite  22  as  it  was  rising.  At  the  higher  elevation 
angles,  there  is  excellent  agreement  between  the 
measured  and  calculated  results,  which  is  similar  to  the 
results  shown  in  Figure  7.  Again,  as  in  Figure  7,  the 
signal  appears  before  it  is  expected  indicating  the 
presence  of  a  surface-based  duct.  Between  8420  and 
8490  km,  there  is  a  gap  in  the  data;  it  is  suspected  that 
the  gap  is  caused  by  the  P2  loop  becoming  unlocked,  the 
receiver  losing  the  signal,  and  the  firmware  not  actively 
searching  for  the  signal  until  sometime  later.  The 
explanation  for  the  10  to  15  dB  decrease  in  SNR 
between  8400  and  8420  km  is  not  known  at  this  time. 


4.  CONCLUSIONS 

Techniques  to  infer  the  vertical  refractivity  profile  from 
measurements  of  GPS  signals  as  the  satellite  rises  or  sets 
on  the  ocean  horizon  are  being  examined.  Results  of 
comparing  modeled  to  measured  propagation  loss  where 
the  modeled  data  is  calculated  from  knowledge  (or 
estimates)  of  the  refractive  conditions  are  very 
encouraging. 
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DISCUSSION 


N.  DOUCHIN 

1.  As  you  certainly  know,  we  did  a  similar  work  as  yours  some  years  ago,  but  with  the 
intention  of  characterizing  the  evaporation  duct.  What  is  your  opinion  about  the  possibility  to 
characterize  the  evaporation  duct  using  satellites? 

2.  What  is  your  strategy  for  the  determination  of  the  receiving  antenna  height  in  case  of  a 
very  rough  sea  surface? 

AUTHOR’S  REPLY 

1.  Evaporation  duct  effects  on  GPS  signal  propagation  are  relatively  small  and  may  be 
difficult  to  extract  from  measurements.  I  don’t  think  that  GPS  is  a  good  system  to  infer 
evaporation  duct  height  or  profiles. 

2.  In  a  rough  sea,  I  think  that  one  can  adjust  the  height  of  the  receiver  antenna  such  that  the 
modeled  interference  pattern  matches  the  measured  pattern  at  high  (>  2  degrees)  elevation 
angles.  This  should  give  the  effective  height. 
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LIDAR  MEASUREMENTS  OF  REFRACTIVE  PROPAGATION  EFFECTS 
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1.  SUMMARY 

A  multi-wavelength  Raman  lidar  has  been  developed  and  used  to 
measure  the  profiles  of  atmospheric  properties  in  the  troposphere 
under  a  wide  range  of  geophysical  conditions.  The  instrument 
measures  the  two  physical  properties  which  contribute  to  the 
refractive  index  at  radio  frequencies,  water  vapor  concentration 
profiles  from  vibrational  Raman  measurements  and  neutral  density 
determined  from  rotational  Raman  temperature  profiles  and  surface 
pressure.  The  LAMP  lidar  instrument  is  transportable  and  has  been 
used  to  make  measurements  at  several  locations  in  addition  to  our 
local  Penn  State  University  site,  including  shipboard  measurements 
between  Arctic  and  Antarctic  and  in  the  coastal  environment  at 
Poinf  Mugu,  CA.  Lidar  measurements  of  the  atmospheric  refractive 
environment,  which  are  of  particular  interest,  were  made  during 
1993  at  Point  Mugu,  CA,  including  the  period  of  Project  VOCAR 
(Variability  of  Coastal  Atmospheric  Refractivity).  Both  the  lidar 
and  balloon  tropospheric  measurements  have  been  used  for  analyses 
of  the  propagation  conditions  by  employing  the  Navy's  RPO,  IREPS 
and  EREPS  PC  programs  and  comparisons  have  been  made  with 
the  measured  propagation  conditions.  On  the  short  term  (hour-to- 
hour  throughout  a  day),  the  lidar  derived  profiles  permit  the 
examination  of  refractive  layer  stratification  for  guided-wave  mode 
propagation. 

2.  INTRODUCTION 

During  the  VOCAR  program  of  1993,  lidar  measurements  of  the 
coastal  atmospheric  profiles  of  water  vapor  and  temperature  were 
made  at  Point  Mugu,  CA  (see  description  of  the  VOCAR  program. 
Ref  1 ).  One  of  the  primary  purposes  was  to  produce  refractivity 
profiles  of  the  lower  troposphere  during  variable  coastal  atmospheric 
conditions  to  verify  that  lidar  measurements,  as  well  as 
balloon/radiosonde  measurements  of  the  atmospheric  refractivity 
could  be  used  as  input  to  propagation  models  for  evaluation  of  the 
propagation  effects  which  are  known  to  range  from  normal 
atmospheric  propagation  to  highly  ducted  radiowave  propagation  in 
this  ocean  and  coastal  region.  A  useful  overview  of  the  RF 
propagation  characteristics  and  models  for  the  lower  atmosphere  is 
available  (Ref  2)  and  the  particular  propagation  characteristics  of  the 
coastal  environment  have  been  discussed  in  this  volume  (Ref  3). 

Penn  State  University/Applied  Research  Laboratory  was  invited  to 
participate  in  the  VOCAR  program,  which  involved  a  wide  variety 
of  meteorological  sensors  coordinated  for  the  purpose  of 
characterizing  the  spatial  and  temporal  variability  of  the  refractive 
environment  at  sea,  and  along  the  California  coastline.  The  portable 
research  instrument,  referred  to  as  the  PSU/LAMP  lidar  (Ref  4), 
was  placed  strategically  at  the  Point  Mugu  NAWC  during  the  1993 
program,  near  the  Geophysics  Division,  where  the  weather  station 
is  located  and  where  frequent  balloon  launchings  of  radiosondes 
were  carried  out  during  the  intensive  data  collection  periods. 

The  LAMP  lidar  transmitter  uses  a  Nd:YAG  laser  which  has  an 
output  of  1 .5  j  at  20  Hz  at  the  1064  nm  fundamental  output.  The 
beam  is  passed  through  a  doubling  crystal  and  a  mixing  crystal  to 
produce  the  532  and  355  nm,  or  266  nm,  beams  which  are  used  for 
the  lidar  measurements.  The  primary  receiver  is  a  42  cm  diameter 
Cassegrain  telescope.  The  low  altitude  backscatter  signals  of  the 
visible  and  ultraviolet  beams  can  be  detected  as  analog  signals  and 
digitized  at  10  MSps  to  provide  1 5  meter  resolution  from  the  surface 


to  25  km,  or  detected  as  photon  count  signals  with  75  m  altitude 
resolution.  The  high  altitude  signals,  obtained  by  photon  counting 
techniques,  are  accumulated  into  500  nanosecond  range  bins  to 
provide  75  meter  resolution,  from  20  to  80  km.  The  high  altitude 
detector  also  contains  low  altitude  photon  counting  channels  which 
measure  the  first  Stokes  vibrational  Raman  signals  of  the  N2  and  the 
H20  Raman  scatter.  The  low  altitude  detector  has  eight  channels  to 
measure  the  backscatter  signal  at  two  laser  fundamental  lines,  two 
N2  Raman  lines,  two  H20  water  vapor  lines  and  two  segments  of 
the  rotational  Raman  envelope.  The  transmitter,  receiver,  detector, 
and  data  system  combination  have  been  integrated  into  a  standard 
shipping  container,  which  serves  as  a  field  laboratory. 

A  recent  review  (Ref  5)  of  the  vibrational  and  rotational  Raman 
scattering  techniques  has  clearly  shown  that  these  approaches  have 
the  capability  of  measuring  the  minor  species  and  structure 
properties,  as  well  as  the  optical  properties,  of  the  lower  atmosphere, 
even  in  the  presence  of  a  small  amount  of  interference  from  the 
background  aerosol  environment.  The  Raman  technique  measures 
the  profiles  of  water  vapor  from  the  ratio  of  Raman  vibrational 
backscatter  signals  of  water  vapor  to  those  of  nitrogen.  The  lidar 
has  been  used  to  obtain  water  vapor  profiles  from  molecular  Raman 
vibrational  scattering  at  several  wavelengths  and  temperature 
profiles  from  Raman  rotational  scattering  at  528  and  530  nm.  The 
water  vapor  measurements  have  been  made  using  the  vibrational 
Raman  backscatter  intensity  from  the  660/607  ratio  from  the  532 
nm,  407/387  ratio  from  355  nm,  or  the  294/283  ratio  from  266  nm 
laser  radiation.  Having  two  sets  of  measurements  allows  additional 
examination  of  the  small  scale  structure  and  the  wavelength 
dependence  ofthe  correction  for  aerosol  differentia!  extinction.  The 
quadruple  (266  nm)  Raman  scatter  signals  have  been  examined  and 
used  for  daytime  measurements  where  the  troposphere  is  shielded 
from  wavelengths  below  300  nm  (solar  blind  region)  by  the 
stratospheric  ozone  absorption.  These  ultraviolet  measurements  are 
slightly  complicated  by  the  need  to  make  corrections  for  the 
absorption  of  tropospheric  ozone. 

The  profiles  of  water  vapor  and  temperature,  and  ground  based 
pressure  data,  were  averaged  and  used  to  compute  profiles  of 
refractivity,  N  and  modified  refractivity,  M,  at  75  m  resolution  in  the 
lower  tropospheric  region  (0-5000  m).  The  lidar  data  is  stored  at 
one  minute  intervals  and  the  temporal  variation  of  refractive  index 
is  typically  examined  at  intervals  of  30  minutes.  The  profiles  are 
analyzed  for  refractive  layer  structures  which  influence 
electromagnetic  wave  propagation  over  the  ocean  and  near-coastal 
regions.  Under  summer  atmospheric  conditions,  periods  of 
persistent  surface-based  ducting  (trapping  layers)  of  horizontally 
propagating  radio  waves  are  frequently  observed.  The  effects  of 
ducts  over  the  ocean  path  environments  were  sensed  by  measured 
signal  levels  on  several  ocean  and  coastal  radio  paths  monitored  by 
NCCOSC/NRaD  at  VHF  and  UHF  bands  during  the  measurement 
campaign  (Ref  6). 

3.  PROPAGATION  EFFECTS  IN  A  COASTAL 
ENVIRONMENT 

For  the  entire  VOCAR  period,  NCCOSC/NRaD  established  and 
operated  a  radio  path  signal  monitoring  network  of  several  VHF  and 
UHF  transmission  source  signals  at  both  Point  Mugu  and  San 
Diego,  CA  (Ref  6).  The  multiple  source  signals  were  sampled, 
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through  the  use  of  a  programmable  spectrum  analyzer,  and 
processed  for  a  continuous  synoptic  monitoring  of  the  received 
signal  level  every  1 5  minutes.  Available  ATIS  (Automatic  Terminal 
Information  System)  transmissions  from  both  commercial  and 
military  airports  were  monitored  and  recorded.  In  addition,  separate 
VHF  and  UHF  continuous  wave  transmissions  dedicated  to  the 
VOCAR  program,  were  installed  at  San  Clemente  Island,  and 
monitored  at  the  two  reception  points  on  a  routine  basis.  These  two 
path  lengths  were  nearly  identical,  however  with  different  ocean 
path  directions.  The  San  Clemente  Island-to-Point  Mugu  path 
distance  is  132  km. 

Figures  1  and  2  show  a  seven  day  segment  of  both  the  San 
Clemente  Island  (SCI)  UHF  (374.95  MHz),  and  VHF  (143.09 
MHz)  received  signal  level  histories  at  Point  Mugu,  CA,  during  the 
VOCAR  intensive  data  collection  period  of  August  1993.  PSU 
Lidar  operations  were  conducted  on  a  daily  basis  during  each  night- 
to-daytime  period  of  the  VOCAR  program.  The  five  such 
operational  periods  (which  will  be  discussed  further)  are  highlighted 
in  the  figures.  It  is  observed  that  the  signal  levels  varied  over  a  40- 
50  dB  range  during  the  period  from  August  25  to  September  1 .  The 
sequence  of  days  analyzed  illustrate  the  major  changes  in  near¬ 
surface  propagation  and  refractive  effects  that  occurred  during 
VOCAR.  The  five  lidar  operation  day  periods  analyzed  were  in  a 
period  with  major  changes  in  the  atmospheric  conditions.  These 
ranged  from  days  with  greatly  enhanced  propagation  to  days  with 
standard  propagation  and  losses  beyond  the  horizon.  During  periods 
of  surface  refractive  ducting  (so-called  anomalous)  conditions  the 
beyond-line-of-sight  paths  exhibited  very  strong  signal  levels 
reaching  and  exceeding  that  of  free  space  propagation.  Under 
standard  refractive  conditions,  low  signal  strengths  were  received  as 
would  be  predicted  during  non-ducting  tropospheric  conditions. 

4.  LIDAR  MEASUREMENTS  OF  REFRACT IVITY 

The  primary  measurements  by  lidar  for  this  study  consisted  of  water 
vapor  and  temperature  profiles  obtained  by  Raman  (vibrational  and 
rotational)  line  ratio  spectral  measurement  techniques  discussed. 
Examples  of  the  lidar-measured  parameters  are  shown  in  Figures  3 
and  4  respectively,  starting  at  1013  UT  on  the  26th  of  August  1993. 
The  photon  counts  were  accumulated  in  75  meter  range/altitude 
bins  and  over  one  minute  intervals.  The  profiles  shown,  however 
consist  of  30  such  interval  accumulations  combined,  and  therefore 
represent  a  30  minute  averaged  period.  The  statistical  error  bars  (+/- 
standard  deviation)  are  shown  on  the  solid  lines  for  the  lidar 
measurements.  The  near  time  balloon  (radiosonde  profile) 
measurements,  expressed  in  the  same  units  (g/kg)  for  water  vapor 
and  (degree  K)  for  temperature,  are  shown  as  dashed  lines  in  the 
figures  for  comparison  with  the  lidar  measurements.  The  balloon 
and  lidar  atmospheric  measurements,  although  agreeing  very  well 
in  general,  often  times  show  slight  departures  in  measured  profile 
details  attributable  to  the  different  temporal  and  spatial  sampling  of 
the  drifting  balloon  versus  the  perfectly  vertical  (single  location) 
profile  of  the  lidar.  The  measured  temperature  and  water  vapor, 
together  with  an  atmospheric  pressure  value  derived  from  an 
integration  of  the  hydrostatic  equation  using  the  lidar  measurements, 
constitute  the  inputs  to  the  standard  and  accepted  equation  for 
refractivity.  Although  measured  by  lidar  to  above  5000  m  altitudes, 
only  the  lower  tropospheric  region  profile  from  the  surface  to  1 500 
m  is  presented  in  this  analysis  to  describe  the  refractive  conditions 
for  near-surface  propagation. 

The  computed  refractivity  (N)  and  modified  refractivity  (M)  profiles, 
corresponding  to  the  water  vapor  and  temperature  data  of  Figures  3 
and  4,  are  shown  in  Figure  5.  On  26  August  1993,  the  rapid 
decrease  in  water  vapor  combined  with  the  temperature  inversion 
(positive  lapse  rate)  produced  gradients  in  refractivity  sufficient  for 
the  trapping  of  horizontally  propagating  electromagnetic  waves. 
The  strong  ducting  conditions  start  very  near  the  surface  and  the 


duct  height  extends  to  nearly  600  m  above  the  surface.  Figure  5  at 
1013  UT  is  just  one  of  the  entire  sequence  of  30  minute 
accumulated  profiles  taken  throughout  the  lidar  operation  period  on 
this  date.  The  entire  series  of  M-profiles  on  26  August  is  portrayed 
in  the  Figure  6  three  dimensional  surface  plot  of  modified 
refractivity  versus  altitude  and  time. 

Similar  conditions  existed  on  27  August,  Figures  7  and  8,  except 
that  the  surface  based  duct  height  is  lower,  extending  only  to  350  m 
instead  of 600  m.  Referring  back  to  Figures  1  and  2,  the  enhanced 
received  signal  levels  are  comparable  on  the  two  days.  On  28 
August,  the  ducting  condition  tends  to  lift  from  the  surface  with  a 
surface  based  elevated  duct  to  heights  of  425  m,  as  evident  in 
Figures  9  and  10.  The  corresponding  signal  levels  drop  by  at  least 
1 0  dB  on  this  date.  Surface-based  ducting  has  ceased  by  August 
29th  ,  and  the  Figures  1 1  and  12  show  only  an  elevated  duct 
conditions  remains  in  the  altitude  region  of 350  to  500  m  in  the  time 
period  of  0800  UT.  Once  more,  the  signal  levels  as  indicated  in 
Figures  1  and  2  have  dropped  further  by  about  10  dB  from  the 
previous  day. 

Finally,  by  31  August,  evidence  of  even  an  elevated  duct  is  gone, 
and  the  profile  data  of  Figure  13  shows  a  lack  of  any  elevated  duct. 
The  time  history  is  shown  in  Figure  14  with  a  long  sequence  of 
stable  refractive  conditions  and  little  variability.  The  signal  levels 
have  now  reached  the  lowest  levels  of  up  to  40  dB  below  the 
strongly  enhanced  conditions  of  26  August  when  ducting  near  the 
surface  occurred. 

5.  RESULTS  OF  PROPAGATION  MODELING  USING 
LIDAR  PROFILES 

The  propagation  conditions  may  be  analyzed  in  more  detail  by  using 
the  Navy's  RF  propagation  modeling  programs  such  as  IREPS, 
EREPS  and  RPO  (Refs  7,  8,  and  9),  which  have  been  incorporated 
into  PC  applications.  The  lidar  profiles  have  been  prepared  as  input 
to  these  programs,  originally  designed  for  radiosonde  input  and  for 
refractive  effects  assessment.  The  five  days  and  two  frequencies 
constitute  a  set  of  10  measurement-days  which  have  been  analyzed 
to  evaluate  the  qualitative  aspects  of  the  changing  refractive  effects 
and  the  propagation  loss  characteristics  that  would  have  been 
predicted,  given  the  lidar  profile  data  as  an  input. 

Table  1  shows  the  predicted  propagation  loss  as  would  have  been 
obtained  by  IREPS,  the  first  propagation  analysis  tool  developed 
(Ref  7),  and  by  the  recent  RPO  (Radio  Physical  Optics)  program 
provided  by  NCCOSC/NRaD  (Ref  9).  The  132  km  San  Clemente 
Island  to  Pt.  Mugu  over  ocean  path  is  analyzed  for  comparison  by 
the  two  programs.  The  early  IREPS  software  only  crudely  analyzes 
the  propagation  losses,  and  inadequately  solves  for  the  field  for  long 
beyond-the-horizon  distances  (loss  relative  to  free  space,  5th  column 
of  Table  1).  The  RPO  program,  however,  provides  a  more  precise 
measure  of  the  propagation  losses  by  computing  the  field  strength 
at  any  range  and  elevation  from  a  source  transmission,  given 
refractive  profiles  as  input  which  are  representative  of  the  path 
conditions.  Although  RPO  will  accept  a  range-dependent  set  of 
refractivity  profiles,  the  profiles  from  the  Point  Mugu  lidar  are  input 
as  a  single  profile  representative  of  the  path,  although  measured  and 
obtained  at  the  path  endpoint  only.  Further,  the  lidar  profiles  shown 
in  Figures  5,  7,  9,  11,  and  13  have  been  piece-wise  smoothed 
(linear)  to  simplify  the  data  entry  into  RPO  and  IREPS.  The  latter 
is  not  a  requirement  for  RPO,  however.  The  RPO  predicted  losses 
relative  to  free  space  and  the  total  path  losses  are  given  in  the  6th 
and  7th  columns  respectively.  Note  that  the  total  path  losses  from 
8/26  to  8/31  span  a  40  dB  range  of  differences. 

The  coverage  and  loss  plots  of  RPO  are  instructive  in  terms  ot 
understanding  where  physically  the  signals  propagate  and  what 
waveguide  modal  effects  contribute  to  a  signal  enhancement  or  to 
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an  excessive  loss  over  the  propagation  path.  Figure  15  shows  the 
propagation  loss  contour  output  of  RPO  for  the  UHF  frequency 
(374.95  MHz)  on  8/26.  The  contours  are  for  2.5  dB  steps  of 
increasing  loss  on  a  height  versus  range  display.  During  surface- 
based  ducting,  the  EM  wave  propagates  within  the  duct  to  great 
ranges  beyond  the  curvature  of  the  earth.  Figure  16  shows  the  loss 
versus  height  at  the  fixed  range  corresponding  to  the  receiver 
distance  from  the  source  transmitter  (132  km  in  this  case).  Notice 
that  enhancements  or  deficits  in  signal  can  occur  very  rapidly  with 
receiving  antenna  height  change.  The  receiving  antenna  at  Pt. 
Mugu  in  this  case  is  at  30.5  m,  very  near  the  bottom  portion  of  the 
curve.  Figure  17  shows  the  loss  as  a  function  of  range  with  a 
constant  height  antenna  at  30.5  m,  that  used  for  VOCAR.  Figures 
18,  19  and  20  represent  the  same  plots  showing  the  VHF  signal 
level  (143.09  MHz)  variations  predicted  for  8/26.  Notice  that  at  this 
frequency,  the  free  space  losses  are  not  reached  even  though  the 
ducted  signals  are  enhanced  above  that  for  standard  refractive  profile 
environments. 

Table  2  also  shows  the  RPO  computed  losses  but  compares  them 
with  the  observed  losses  at  UHF  and  VHF  (column  4)  from  Figures 
1  and  2.  The  VOCAR  signal  path  losses  have  been  scaled  from  the 
signal  level  data  of  Figures  1  and  2  with  approximate  levels  and 
extremes  within  +/-  3  hours  of  the  specific  lidar  collection  date 
interval  using  the  available  15  minute  sampled  signal  level  data. 
The  RPO  predictions  (using  lidar  data  profiles  as  input)  are  shown 
in  column  5  in  dB  relative  to  free  space.  The  differences  between 
the  scaled  observed  signal  and  the  predicted  RPO  level  are  shown 
in  column  6.  On  individual  dates  and  times  the  RPO  prediction 
using  a  single  profile  and  a  relatively  approximate  scaling  of  data, 
the  path  losses  can  only  be  estimated  to  with  about  +/-  10  dB. 
Overall,  however  the  average  of  the  ten  frequency  measurement-day 
differences  which  were  either  too  high  or  to  low  is  less  than  one  dB. 

The  lidar  atmospheric  sensor  has  proven  to  provide  good  temporal 
and  vertical  sampling  of  refractive  variability.  The  path-integrated 
signal  level  variability,  however,  depends  upon  the  horizontal 
homogeneity  of  the  refractivity  profile.  The  spatial  homogeneity  or 
variability  of  refractive  index  has  been  examined  further  during 
VOCAR  by  multiple  sensors,  aircraft  flights,  and  other  techniques 
(Ref  10).  The  widespread  characterization  of  refractive  ducting 
through  changing  weather  fronts  has  been  explored  through  the  use 
of  GOES  satellite  imagery  (Ref  1 1 ). 

One  can  conclude  that  on  the  whole,  the  propagation  predictions 
based  on  a  single  lidar  profile  are  useful  to  provide  first  order 
estimates  of  the  losses  that  can  occur  on  a  propagation  path.  This 
has  been  applied  to  time  periods  when  persistent  refractive 
conditions  have  occurred,  indicative  of  widespread  stability.  An 
arbitrary  refractive  profile  is  obtained  to  represent  the  prevailing 
conditions,  and  horizontal  homogeneity  is  assumed  over  the  path. 
Further  analysis  will  be  required  to  determine  if  improvement  below 
+/-10  dB  case-by-case  level  can  be  achieved  with  a  more  detailed 
time  history  of  the  lidar  and  signal  level  data  sets.  The  general 
features  of  widely  varying  day-to-day  signal  levels  are  predicted  in 
accordance  with  the  observed  signal  levels  with  conditions  ranging 
from  strong  surface-based  ducting  to  the  absence  of  ducting  in  the 
lower  tropospheric  refractive  profile. 
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Table  1 .  Predicted  propagation  loss  data  using  RPO  and  IREPS  based  on  using  lidar 
profiles  of  refractivity  at  Point  Mugu  for  the  San  Clemente  Island  to  Point  Mugu 
path  (132  km). 


Date 

(1993) 

Time  (UT) 

Frequency 

(MHz) 

Free  Space 
Path  Loss 
(dB) 

IREPS*  ♦ 
Loss 
(dB>f.s ) 

RPO 

Loss 

(dB>f.s.) 

RPO 

Total  Path 
Loss  (dB) 

8/26 

1013 

(U)  374.9 

126.3 

+3 

+2.5 

123.8 

(V)  143.1 

117.9 

-8 

-13.2 

131.1 

8/27 

1025 

(U)  " 

126.3 

+3 

+10.2 

116.1 

(V)  • 

117.9 

-6 

-7.8 

125.7 

8/28 

0906 

(U)  " 

126.3 

+3 

-19.1 

145.4 

(V)  " 

117.9 

-8 

-26.7 

144.6 

8/29 

0800 

(U)  " 

126.3 

-43* 

-28.0 

154.3 

(V)  " 

117.9 

-41* 

-33.2 

151.1 

8/31 

0945 

(U)  '• 

126.3 

-46* 

-43.2 

169.5 

(V)  " 

117.9 

-43* 

-45.7 

163.6 

•Tropospheric-scatter-limited  per  IREPS  program  only 
**  very  approximate  losses  from  IREPS  program 


Table  2.  Propagation  loss  data  for  San  Clemente  Island  to  Point  Mugu,  with 
measured  and  RPO  predicted  values  based  on  atmospheric  measurements  of  lidar 
profiles  at  Point  Mugu. 


Date 

(1993)/ 

Time  (LIT) 

VOCAR 

Frequency 

(MHz) 

Free  Space 
Path  Loss 
(dB) 

VOCAR 
Sig.  Path 
Losses* 
(dB>f.s.) 

RPO 

Loss 

(dB>f.s.) 

dB 

Diff 

sig/ 

pred 

loss 

RPO 

Total 

Path 

Loss 

(dB) 

Obs. 

Total 

Path 

Loss 

(dB) 

8/26 

/1013 

(U)  374.9 

126.3 

-2 

+/-10  dB 

+2.5 

-5 

123.8 

128.3 
+/-10  dB 

(V)  143.1 

117.9 

-21 

+/- 9 

-13.2 

-8 

131.1 

138.9 

+1-9 

8/27 

/1025 

(U)  - 

126.3 

-.5 

+/-9 

+10.2 

-11 

116.1 

126.8 

+/-9 

(V)  - 

117.9 

-17.5 

+/-4.5 

-7.8 

-10. 

125.7 

135.4 

+/-4.5 

8/28 

/0906 

(U)  " 

126.3 

-13.5 

+/-6.5 

-19.1 

5.6 

145.4 

139.8 

+/-6.5 

(V)  ” 

117.9 

-34 

+1-6 

-26.7 

7.3 

144.6 

151.9 

+1-6 

8/29 

/0800 

(U)  ■ 

126.3 

-23 

+/-6 

-28.0 

5 

154.3 

159.8 

+/-6 

(V)  " 

117.9 

-37 

+1-6 

-33.2 

-4 

151.1 

154.9 

+1-6 

8/31 

/0905 

(U)  ' 

126.3 

-33.5 

+/-4,5 

-43.2 

9.7 

169.5 

159.8 

+/-4.5 

(V)  ■ 

117.9 

-43 

+1-1 

-45.7 

2.7 

163.6 

160.9 

+1-1 

1 

Overall 

Avg.  diff 

-.74 

dB 

•  approx.  6  hour  median  and  extremes  (-+-/-  3  hours  of  15min.  samples  about  Lidar  collection  interval) 
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Figure  5.  Refractive  profiles  on  26  August  1993  (1013Z)  at  Point  Mugu  showing  a  surface  based  duct  to  600  m 
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Figure  6.  Surface  contour  of  modified  refractivity  from  lidar  data  on  26  August  1993. 
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Figure  9.  Refractive  profiles  on  28  August  1 993  (0906Z)  at  Point  Mugu  showing  a  surface-based  elevated  duct 
at  425  m. 
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Figure  10.  Surface  contour  of  modified  refractivity  from  lidar  data  on  28  August  1993 
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Figure  11.  Refractive  profiles  on  29  August  1993  (0800Z)  at  Point  Mugu  showing  an  elevated  duct  350-500  m. 
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Figure  12.  Surface  contour  of  modified  refractivity  from  lidar  data  on  29  August  1993 
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Figure  13.  Refractive  profiles  on  31  August  1993  (0945Z)  at  Point  Mugu  showing  non-anomalous  conditions. 


Figure  14  Surface  contour  of  modified  refractivity  from  lidar  data  on  31  August  1993. 
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Figure  15.  An  example  of  propagation  loss  coverage  calculated  from  RPO  at  UHF  (374.9  MHz)  based  on  lidar 
profiles  at  101 3Z  on  26  August  1993. 


Figure  17.  Calculation  from  RPO  of  UHF  signal  loss  versus 
range  at  30.5  m  height  relative  to  free  space  loss  (dotted)  for 
conditions  at  101 3Z  on  26  August  1993. 


Figure  16.  Calculation  from  RPO  of  UHF  signal  loss  versus 
height  relative  to  free  space  loss  (for  fixed  antenna  at  30.5  m)  for 
conditions  at  101 3Z  on  26  August  1993. 
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Figure  18.  An  example  of  propagation  loss  coverage  calculated  from  RPO  at  VHF  (143.1  MHz)  based  on  lidar 
profiles  at  1013Z  on  26  August  1993. 


RANGE  ka 

Figure  20.  Calculation  from  RPO  of  VHF  signal  loss  versus 
range  at  30.5  m  height  relative  to  free  space  loss  (dotted)  for 
conditions  at  1013Z  on  26  August  1993. 


LOSS  JI 

Figure  19.  Calculation  from  RPO  of  VHF  signal  loss  versus 
height  relative  to  free  space  loss  (for  fixed  antenna  at  30.5  m)  for 
conditions  at  1013Z  on  26  August  1993. 
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DISCUSSION 


K.H.  CRAIG 

How  effective  is  the  Raman  lidar  technique  at  tracking  sharp  temperature  gradients?  The  same 
types  of  ducting  layers  over  land  can  be  caused  by  temperature  inversions  without  significant 
water  vapor  effects. 

AUTHOR’S  REPLY 

The  rotational  Raman  technique  provides  an  accurate  way  of  measuring  the  temperature  in 
narrow  layers  along  the  profile.  At  present  we  are  limited  to  75  m  resolution  elements,  but 
should  be  able  to  measure  the  temperature  gradients  which  are  thicker  than  75  meters. 

J.  ROSENTHAL 

Regarding  Dr.  Craig’s  question  concerning  abilities  of  the  lidar  to  detect  temperature  variations, 
it  is  common  in  coastal  environments  to  have  strong  vertical  moisture  variations  whenever  a 
strong  temperature  inversion  is  present;  this  makes  it  more  difficult  to  isolate  the  temperature 
sensitivity.  However,  the  lidar  is  capable  of  detecting  just  the  temperature  variations. 

AUTHOR’S  REPLY 

Yes,  our  present  data  set  does  not  really  contain  strong  temperature  gradients,  but  we  should  be 
able  to  measure  them  adequately. 
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SUMMARY 

Marine  atmospheric  boundary  layer  (MABL)  and  ocean 
surface  properties  remotely  sensed  by  airborne  and  ground- 
based  sensors  are  compared  with  coastal  in  situ  measured 
refractive  conditions.  Near-surface  refractive  conditions 
are  influenced  by  near-surface  turbulence  (wind  speeds), 
by  surface  temperature  (SST),  and  by  overlying  air 
dryness.  All  the  latter  can  be  estimated  within  operational 
and  research  satellite  data.  Humidity  and  temperature 
gradients  at  the  top  of  the  boundary  layer  can  be  related  to 
remotely  sensed  cloud  properties  and  to  ground-based 
infrared  High  Resolution  Interferometer  Sounder  (HIS) 
measured  profiles.  Studies  were  performed  in  coastal 
(Norwegian,  California)  regions.  In  situ  and  ground-based 
remote  data  were  obtained  from  ship  mounted  systems. 
Other  remote  data  were  from  aircraft  and  from  operational 
(NOAA,  DMSP)  and  research  (ERS-1)  satellite  borne 
sensors.  In  examined  cases,  remotely  sensed  information 
yields  reasonable  assessments  of  refractive  conditions 
immediately  above  the  surface  but  not  of  the  structure  at 
the  top  of  the  boundary  layer.  Remote  data  describe  high 
resolution  horizontal  and  temporal  variations,  important  in 
the  coastal,  but  not  described  by  point  measured  in  situ 
data. 

1.  INTRODUCTION 

Two  important  and  spatially  variable  [on  the  orders  of 
kms]  features  of  the  coastal  region  are  the  radar  and  radio 
frequencies  influencing  elevated  refractive  layers  at  the  top 
of  the  marine  layer  and  the  surface-layer  evaporation  duct. 
Both  are  caused  by  vertical  gradients  of  temperature 
(increase)  and  humidity  (decrease).  For  radar/radio 
frequencies  humidity  is  the  most  important.  Because  of 
temporal  and  spatial  variability  of  both  of  these,  it  is 
necessary  to  pursue  any  approach  that  would  remotely 
yield  quantitative  information  on  them.  Elevated  trapping 
layers  affecting  radio/radar  waves  are  prevalent  over  ocean 
areas  because  of  the  relatively  high  specific  humidity  of 
the  underlying  "marine  layer".  The  trapping  layer  can  be 
the  consequence  of  both  synoptic  scale  meteorological  and 
local  coastal  circulations.  Synoptic  scale  features  are  the 
high  pressure  system  associated  subsidence  of  dry  air. 
Local  influences  are  those  that  exist  in  coastal  zones. 
Differential  advection  of  dry  air  above  the  boundary  layer 
from  adjacent  coastal  regions  would  cause  the  important 
large  decrease  in  humidity  above  the  surface.  In  either 
case,  horizontal  variations  occur  in  both  the  height  and 
strength  of  the  trapping  layer  which  could  be  either 
elevated  or  surface  based,  depending  on  the  layer  strengths 
and  heights.  In  situ  measurements  of  the  elevated  trapping 
layer  requires  radiosonde  launches  or  aircraft  profiles, 
neither  are  sufficient. 


The  evaporation  duct  is  surface  based  and  is  persistent  over 
ocean  areas  because  of  the  rapid  decrease  of  moisture 
immediately  above  the  surface.  Information  on  coastal 
region  evaporation  duct  strengths  will  often  be  required 
50-100  km  beyond  the  location  of  local  measurements. 
Surface  layer  flux-profile  scaling  theory  yields  a  general 
empirical  expression  for  the  evaporation  duct  height 
(strength)  in  terms  of  well  established  velocity, 
temperature,  humidity,  and  buoyancy  scaling  parameters 
[1],  The  parameters  can  be  calculated  from  routine 
shipboard  measured  or  possibly  from  remotely  sensed 
properties  of  the  overlying  airflow  and  the  surface. 

We  believe  interpretation  of  data,  from  satellite-borne 
sensors  is  critical  to  assessment  of  spatial  variations  of  the 
evaporation  duct.  As  described,  the  imagery  has  to  yield 
information  on  the  sea-surface  temperature,  the  dryness  of 
the  overlying  air,  and  the  mixing.  Further  these  variations 
have  to  be  determined  at  scales  of  the  order  of  kilometers. 
Because  of  the  rapidly  increasing  capabilities  of  satellite 
sensors  the  approach  has  to  address  sensors  on  operational 
NOAA  and  DoD  satellites  and  to  future  operational  sensors 
now  being  deployed  on  research  satellites. 

Geernaert  [1]  reviewed  the  application  of  operational  and 
future  satellite  borne  remote  sensors  sensing  of  refraction 
properties  in  the  MABL.  These  include  the  low-frequency 
microwave  radiometer  (LFMR),  the  special  sensor 
microwave  imager  (SSM/I),  the  altimeter  (ALT),  the 
scatterometer  (NSCAT),  the  oceanographic  synthetic 
aperture  radar  (SAR).  and  the  advanced  very  high 
resolution  radiometer  (AVHRR).  All  sensors  but  the 
LFMR  have  been  deployed.  THE  NSCAT  and  SAR 
sensors  are  deployed  on  research  (non-operational) 
satellites  and  NPS  was  involved  in  experiments  during 
1988  and  1991  to  calibrate  and  validate  their  applications. 
The  others  are  deployed  and  currently  operational. 

In  this  paper  we  present  results  from  examinations  of 
multi-channel  AVHRR,  airborne  and  ship  based 
scatterometers,  and  airborne  and  satellite  borne  C-band 
SARs  as  well  as  a  "Ground-Based"  High  Resolution 
Interferometer  Sounder,  GB-HIS. 

2.  GB-HIS  DETECTION  OF  LAYERS 

In  the  coastal  zone  there  is  a  need  to  continuously  estimate 
MABL  properties  important  to  refraction.  One  approach 
involves  the  use  of  the  Ground-Based  Interferometer 
Sounder  (GB-HIS)  which  measures  atmospheric  radiance 
in  the  infrared  spectrum  (3.3  to  18.2  pm)  passively  with 
very  high  spectral  resolution.  These  measurements  are  used 
to  retrieve  near-continuous  temperature  and  water  vapor 
profiles  for  the  low  troposphere  [2]. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments ”  held  in  Bremerhaven,  Gennany  19-22  September  1994. 
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During  the  past  several  years,  GB-HIS  data  has  been 
successfully  gathered  in  numerous  field  experiments.  The 
data  summarized  here  are  from  (1)  two  research  vessel 
cruises  by  the  R/V  Point  Sur  off  the  central  California 
coast  on  8-10  May  1991  and  8-11  May  1992  and  (2)  a 
coastal  site  at  the  Naval  Air  Station  at  Point  Mugu, 
California  during  the  Variation  Of  Coastal  Atmospheric 
Refractivity  (VOCAR)  experiment  in  August  and 
September  1993.  In  situ  radiosonde  data  was  gathered  at 
approximately  3  to  6  h  intervals  to  validate  the  GB-HIS 
and  better  understand  the  coastal  environment. 

A  thorough  evaluation  of  the  GB-HIS  data  has  been 
completed,  [3]  and  [4],  These  studies  found  that  the 
strengths  of  the  GB-HIS  are  its  ability  to  measure  the 
thermal  structure  of  the  MABL  and  monitor  the  changes  in 
the  low-level  inversion  that  caps  the  MABL.  Figure  1 
shows  a  comparison  of  temperature  and  dew  point  profiles 
retrieved  from  the  GB-HIS  to  radiosonde  measurements 
for  a  typical  coastal  sounding.  Note  the  accuracy  of  the 
GB-HIS  temperature  profile  and  that  the  capping  inversion 
is  smoothed-out. 


Finally,  the  Pt  Mugu  1993  GB-HIS  data  resolved  diurnal 
oscillations  of  the  coastal  boundary  layer. 

The  primary  weakness  of  the  GB-HIS  is  its  inability  to 
resolve  the  observed  detailed  moisture  structure  of  the 
coastal  boundary  layer.  Although  the  general  larger  scale 
vertical  moisture  gradients  are  present  in  the  retrievals,  all 
of  the  narrow  moist  and  dry  zones  during  the  experimental 
period  are  not  captured.  This  is  illustrated  also  on  Figure  1. 
Note  the  smooth  GB-HIS  dew  point  curve  in  comparison 
to  the  detailed  moisture  structure  measured  by  the 
radiosonde. 

These  difficulties  in  moisture  retrievals  pose  a  serious 
problem  for  determining  and  monitoring  refractive 
trapping  layers  in  the  three  data  sets.  Resolving  sharp 
moisture  gradients  are  critical  to  estimate  refractivity 
profiles.  Figure  2  illustrates  the  modified  refractivity 
profiles,  M,  for  a  sounding  shown  earlier.  Note  the 
smoother  M  structure  from  the  GB-HIS  data.  The 
conclusion  from  the  three  coastal  data  sets  was  that  the 
GB-HIS  estimates  of  refractive  were  poor.  Current 
research  studying  the  impact  of  marine  aerosols  on  the 
moisture  retrievals  and  improving  the  retrieval  coefficients 
may  lead  to  improved  GB-HIS  moisture  profiling  in  the 
future. 
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3.  ERS-1  SAR  DETECTION  OF  REFRACTIVE 
CONDITIONS 

Investigations  with  satellite  borne  active  sensors  are  being 
performed  with  the  1991  launched  European  Space 
Agency  ERS-1  C-band  scatterometer  and  synthetic 
aperture  radar  (SAR)  and  the  scatterometer.  We  believe  we 
are  the  only  group  examining  the  capability  of  these 
sensors  characterize  high  spatial  variation  in  refractive 
conditions.  The  in  situ  data  for  this  examination  were 
obtained  during  the  NORwegian  Continental  Shelf 
Experiment  conducted  during  an  ERS-l's 
calibration/validation  phase  in  November  1991 
(NORCSEX'91).  NORCSEX'91  occurred  from  7  to  28 
November  off  the  west  coast  of  Norway.  ERS-1  SAR 
passes  over  the  experiment  site  were  every  3  days.  The 
Haltenbanken  site  was  located  in  almost  the  exact  center  of 
the  SAR  swath  which  has  a  width  of  100  km. 

In  situ  atmospheric  and  surface  data  pertinent  to  refraction 
descriptions  were  collected  from  the  University  of  Bergen 
R/V  Haakon  Mosby  (HM).  Surface  layer  wind, 
temperature,  and  humidity  and  surface  temperature  were 
measured  continuously  from  the  HM  and  radiosondes  were 
launched  with  every  pass  of  the  ERS-1.  Remote  sensing 
(scatterometer)  as  well  as  meteorological,  and 
oceanographic  (ADCP  and  SEASOR)  observations  were 
also  conducted  from  ship  simultaneously  on  an  almost  24 
hours  a  day  basis.  Descriptions  of  sensed  ocean  surface 
features  during  NORCSEX’91  and  their  relation  to  air-sea 
interaction  have  been  presented,  [5]  and  [6],  for  periods 
related  to  refraction  in  the  following  sections. 


3.1  SAR  Sensing  of  Evaporation  Duct  Variations 

On  13  November  1991  a  wind  front  was  imaged  by  ERS-1 
SAR  (at  2110  UT)  and  transited  by  the  HM  (at  2230  UT). 
A  step  change  in  backscatter  intensity  (from  ~  -18  dB  to  -  5 
dB)  in  the  SAR  derived  intensity  scan  across  the  front, 
Figure  3.  The  spatial  distance  of  the  SAR  detected  wind 
regime  change  is  10’s  of  meters,  certainly  less  that  50 
meters. 


The  HM  was  operating  in  the  SAR  image  region  from  a 
period  3  hours  before  the  SAR  take  to  3  hours  after.  A 
rapid  increase  (frontal  boundary)  in  the  shipboard 
measured  backscatter  occurred  at  about  2130  UT.  Wind, 
temperature  and  humidity  information  is  shown  in  Figure 
4.  Winds  were  light  (2-3  m/s)  in  the  vicinity  of  the  SAR 
detected  front,  for  the  period  from  1800  to  2100  UT.  A  1 
°C  increase  in  sea  surface  temperature  (8  °C  to  9  °C) 
occurred,  the  relative  humidity  increased  gradually,  and  the 
wind  had  changed  direction  by  ~  90  deg.  in  the  transition 
region  of  the  front. 


The  calculated  evaporation  duct  thickness  (Z*)  decreased 
during  the  low  wind  speed  period.  The  duct  thickness  was 
correlated  with  the  wind  speed.  The  duct  thickness  changes 
are  important  to  operational  radars  since  a  calculated 
minimum  frequency  significantly  affected  would  have 
increased  from  near  10  GHz  to  above  100  GHz  when  the 
duct  thickness  decreased  from  10  to  2  meters. 

The  reason  for  such  a  large  backscatter  change  when  there 
isn't  a  large  change  in  wind  speed  is  still  under 
investigation.  Possibilities  are  that  a  threshold  wind  speed 
exists  argument  or  that  the  direction  change  of  the 
backscatter  elements  caused  it.  We  believe  that  in  this  case 
the  large  backscatter  change  is  a  result  of  both  the 
threshold  wind  and  the  direction  change,  because  the 
change  was  10-15  dB. 

The  detection  of  low  wind  conditions  is  important  because 
any  wind  mixing  plays  an  critical  role  in  the  evaporation 
duct  strength  under  such  conditions.  This  is  particularly  the 
case  when  the  air  is  warmer  than  the  water.  Under  such 
conditions  a  wind  decrease  would  cause  evaporation  duct 
strengths  (thickness)  to  increase  considerably.  In  this  case 
the  air  temperature  (~  4  °C)  was  4-5  °C  less  than  the  sea 
temperature  and  remained  study  during  this  period.  With 
such  thermally  unstable  conditions,  a  drop  in  wind  speed 
leads  to  increased  convective  mixing.  Evaporation  duct 
heights  were  calculated  using  surface  layer  flux  profile 
expressions  that  account  for  this. 
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3.2  SAR  Information  and  the  Occurrence  of  Elevated 
Refractive  Layers. 

NORCSEX’91  SAR  images  also  revealed  distinct  high 
resolution  coherent  backscatter  manifestation  of  wind  rows 
caused  by  variations  of  the  vector  wind  across  organized 
large  eddies,  i.e.  "roll  vortices",  in  the  planetary  boundary 
layer,  PBL,  [6].  The  wind-induced  low- wavenumber 
structure  relation  to  boundary  layer  features  are  described 
by  existing  physical  models,  [7]  and  [8].  Such  SAR 
detected  features  were  examined  by  Gerling  [9]  with 
SEAS  AT  SAR  spectra  and  used  to  extract  wind  direction. 

Two-dimensional  pattern  recognition  (FFT  spectral) 
processing  of  SAR  images  enable  quite  accurate 
quantification  of  the  existence  of  and  the  orientation,  and 
separation  scales  of  the  wind  rows.  Low-wavenumber 
spectra  for  two  ERS-1  ascending  pass  images,  one  from 
near  11/10/21  and  the  other  near  1 1/16/21,  are  shown  in 
Figures  5a  and  5b.  A  visual  examination  of  the  images,  not 
shown  here,  clearly  reveals  that  the  one  corresponding  to 
Figure  5a  had  distinct  row  structure  and  the  one 
corresponding  to  Figure  5b  did  not. 

The  spectrum  in  Figure  5a,  corresponding  to  an  image 
(from  10  November)  with  visual  rows,  contains  a  sharp, 
well-  defined  dominant  peak  aligned  along  a  south- 
southwest  to  north-northeast  direction.  The  dominant  wave 
number  image  has  coherent  structure  separations,  read 
from  the  inner  concentric  circles,  near  3000  meters.  The 
axis  of  the  role  would  be  perpendicular  to  this  alignment 
along  the  general  direction  of  the  wind.  The  3000  meter 
separation  would  be  associated  with  1500  meter  depth 
roles  if  the  role  "pair"  had  1:1  aspect  ratio.  The  depth  of 
the  rolls  gives  the  top  of  the  marine  layer  and  hence  height 
of  the  large  humidity  gradient.  The  aspect  ratio  has 
nominal  values  from  3  to  5:1,  i.e.,  the  vortices  are  flattened 
circles  distorted  by  mean  wind  shear  [8],  The  16  November 
image  spectrum  (Figure  5b)  doesn't  have  a  distinct 
dominant  wave  number.  Instead  it  has  two  marginally 
distinct  wave  numbers  with  southwest  to  northeast 
alignments.  Further,  the  separations  are  greater  than  for 
those  on  10  November. 

Rawinsondes  were  launched  from  the  HM  near  the  ERS-1 
overpass  times  on  the  10th  and  16th,  when  the  HM  was 
within  the  image.  Temperature,  dew  point  temperature,  N 
and  vector  wind  profiles  for  these  launches  are  shown  in 
Figures  6  and  7.  The  HM  shipboard  surface  layer 
measurements  and  the  radiosonde  profiles  provide 
parameters  relevant  to  the  coherent  structure  occurrence, 
[9],  Measured  and  calculated  parameters  for  times  soon 
after  each  overpasses  are  listed  in  Table  1.  The  axis 
direction  listed  in  Table  1  pertains  to  the  FFT  determined 
wavenumber  orientation  of  coherent  structures,  Figs.  5a 
and  5b,  and  has  a  clear  meaning  for  rows  associated  with 
image  yielding  spectrum  in  Figure  5a.  However  for 
spectrum  in  Figure  5b,  it  describes  alignment  of  cellular 
structures.  Zj  is  the  depth  of  the  lowest  mixed-layer 
estimated  from  the  radiosonde  profile  and  L  is  the  Monin- 
Obukhov  stability  length  calculated  from  mean  surface- 
layer  and  surface  wind,  temperature,  and  humidity  values 
using  exchange  coefficients,  [5], 
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T,  Tdew  (deg  C)  Refractivity  (N) 


Figure  7. 

Same  as  Fig.  6  except  for  23:14  UT  16  November  1991 


Table  1 . 

MABL  parameters 


Date/Time(UT) 

11/10/2 

11/16/22 

U  jo  (m/s) 

8.9 

9.0 

TairCC) 

2.7 

3.4 

Tsea(°Q 

9.4 

8.8 

UjQ  dir  (deg) 

137 

232 

axis  (deg) 

143 

289 

L  (m) 

-34 

-45 

Zj  (m) 

300 

2500 

Zj/L 

-9 

-56 

An  important  consideration  in  view  of  the  values  in  Table 
1  and  physical  scaling  for  roll  occurrence  is  that  the 
occurrence  of  roll  versus  cellular  structures  is  based  on  the 
value  of  Zj/L,  [10].  The  Zj/L  range  for  roll  occurrence  is,  - 
25  <  Zj/L  <  -5,  and  for  cell  occurrence  is,  Zj/L  <  -25. 
Hence,  the  SAR  detected  surface  patterns  agree  with  the 
Zj/L  predictions  for  these  cases.  Further,  the  primary 
influence  on  the  Z;/L  ratio  being  within  or  outside  of  the 
roll  range,  -9  or  -5o,  is  the  mixed  layer  depth,  being  300  or 
2500,  rather  than  L,  being  -34  or  -45  m. 

On  the  10th,  Zj/L  was  -34  or  within  a  range  associated  with 
roll  occurrence,  the  coherent  structure  separation  was 
approximately  3  km,  the  rawinsonde  profile  has  a  mixed- 
layer  extending  up  to  0.3  km,  Figure  6.  This  layer  had  a 
moderate  to  strong  capping  inversion  due  to  off-shore 
flow.  This  mixed  layer  would  yield  an  aspect  ratio  near  5, 
within  the  range  or  on  the  low  side  of  those  normally 
reported.  The  N  profile  exhibits  a  distinct  refractive  layer 
at  the  top  of  this  layer. 

The  16th  profile,  Figure  7,  shows  no  temperature  inversion 
below  3  km.  A  mixed  layer  depth  of  near  2.5  km  is  almost 
discernible  in  the  humidity  (dew  point  temperature)  profile. 
There  is  little  evidence  of  a  refractive  layer  in  the  N 
profile.  The  corresponding  spectrum.  Figure  5b,  was 
ambiguous  on  the  wave  number  for  coherent  structure.  The 
Zj/L  value  for  this  time  indicated  that  deep  convection  was 
associated  with  coherent  structures  having  "cellular"  versus 
"roll"  surface  patterns,  [10].  Hence,  the  SAR  detected  low- 
wavenumber  structure  is  related  to  mixing  properties  of  the 
overlying  boundary  layer  in  this  case  even  if  they  were  not 
determined  by  "roll  vortices". 

4.  MULTISPECTRAL  RESULTS 

MABL  structure  varies  dramatically  in  the  coastal  zone.  In 
this  area  remote  sensing  approaches  offer  the  only 
approach  to  estimate  variations  in  the  vertical  temperature 
and  moisture  profiles  that  influence  refraction.  The 
development  of  satellite-based  MABL  characterization 
methods  are  valuable  for  regional  analyses.  Methods  using 
sounder  systems  are  limited  by  broad  weighting  functions 
and  thus  can  not  resolve  the  sharp  temperature  and 
moisture  gradients  at  the  top  of  boundary  layer.  These 
gradients  are  critical  to  refractive  assessment. 

Currently  a  multispectral  approach  using  visible  and  IR 
data  is  being  tested  to  indirectly  estimate  important 
variables  such  as  the  depth  of  the  MABL,  surface  moisture 
and  sea-  surface  temperature.  The  method  relies  on 
previously  developed  techniques  for  estimating  aerosol 
optical  depth  and  total  column  water  vapor.  Approaches 
for  estimating  aerosol  optical  depth  have  been  developed, 
[11]  and  [12].  The  approach  uses  the  red- visible  radiance 
measurements  of  the  NO  A  A  AVHRR  (channel  1)  and  the 
direct  relation  between  of  this  radiance  to  optical  depth. 
Satellite  measurements  of  water  vapor  variations  are  also 
employed.  The  method  of  Dalu  [13]  that  estimates  total 
column  water  vapor  to  the  difference  between  split  window 
brightness  temperatures  from  the  NOAA  AVHRR 
(channels  4  and  5).  Since  both  estimates  are  derived  from 
the  same  sensor,  the  boundary  layer  estimates  can  be 
derived  from  a  single  satellite  data  source. 
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The  method  is  based  on  three  assumptions  about  the 
MABL: 

1)  The  MABL  is  well-mixed, 

2)  aerosol  optical  depth  variations  are  due  to  particles  in 
the  MABL,  and 

3)  total  water  vapor  is  confined  to  the  MABL. 

Satellite  estimates  of  optical  depth  and  column  water  vapor 
are  both  related  to  the  MABL  height  and  moisture.  An 
iteration  method  was  devised  to  solve  for  the  MABL  height 
and  surface  relative  humidity  for  clear  regions  in  a  satellite 
pass  using  the  AVHRR  data,  [14]  and  [15].  Sensitivity 
estimates  using  a  model  atmosphere  indicated  the  method 
is  reliable  when  the  MABL  satisfies  the  assumptions  of  the 
technique,  [15]. 

This  approach  has  been  used  to  map  the  MABL  for  the 
VOCAR  period,  [16].  To  accomplish  this,  the  assumption 
that  the  total  water  vapor  is  confined  to  the  MABL  was 
relaxed.  Instead,  an  estimate  of  the  percentage  of  water 
vapor  in  the  MABL  was  used.  This  is  viewed  to  have  been 
an  important  improvement  to  the  technique  for  those 
climatological  regions  where  significant  water  vapor  is 
found  above  the  marine  inversion. 


The  multispectral  approach  applicable  for  clear  regions  has 
been  merged  with  an  approach  (IR  Duct)  based  on  the 
stratus  cloud  top  IR  temperature  and  assuming  well-mixed 
profiles  below  cloud  bases,  Rosenthal  and  Helvey  [17].  A 
merging  of  clear  and  cloud  approaches  is  necessary  to  map 
the  MABL  depths  over  coastal  regions,  which  normally 
have  partial  clear  and  stratus  covered  regions.  Figure  9 
shows  merged  predictions  for  two  transects  within  the  field 
described  by  Figure  8.  Station  identifiers  in  Figure  8 
provide  a  guide  to  the  two  coast-overwater-coast  transects 
in  Figure  9  ;  from  VBG-NSI-NUC-NZY  (Figure  9a)  and 
from  NTD-PSUR-NUC-NZY  (Figure  9b). 

IR-Duct  determined  MABL  (cloud-covered)  depths  in  Fig 
9  agree  well  with  the  multispectral  determined  MABL 
(clear)  depths.  There  is  good  agreement  of  the  merged 
satellite  determined  values  with  the  general  downward 
slope  from  east  to  west.  There  is  good  agreement  between 
the  bottom  of  the  radiosonde  profile  inferred  trapping  layer 
(boxes  inserted  above  station  identifier)  and  the  satellite 
multi-sensor  determined  MABL  depth.  For  6  coastal 
stations  (3  coast  locations,  2  island  locations,  and  one  ship 
location),  the  latter  correctly  predicted  the  presence  of 
elevated  layers  and  further  MABL  depths  within  25%  of 
observed  trapping  layer  base. 

5.  CONCLUSIONS 


Figure  8  shows  a  satellite  analyses  of  MABL  depth  with 
corresponding  radiosonde  derived  MABL  depths  for  27 
August  1993,  [16].  There  is  a  slope  of  the  MABL  depth 
with  shallow  values  to  the  west  and  deeper  value  along  the 
eastern  portion  of  the  coastal  region.  This  slope  is 
confirmed  by  the  radiosonde  data.  This  case  is  one  with 
significant  mid-tropospheric  water  vapor  and  indicates  that 
the  method  will  work  when  the  fraction  of  MABL  moisture 
is  estimated.  In  this  case,  this  percentage  is  estimated  to  be 
25%. 


We  have  described  how  remotely  sensed  information  can 
be  related  to  refractive  conditions  at  and  above  the  ocean 
surface  in  coastal  regions.  Some  of  this  information  is  now 
available  from  sensors  on  operational  satellites  and  some  is 
available  on  experimental  satellites,  ERS-1  and  -2.  No  one 
passive  or  active  satellite  borne  sensor  directly  described 
the  responsible  refractivity  gradients.  However,  knowledge 
of  what  causes  and  modifies  the  gradients  can  be  applied  to 
remotely  sensed  information  to  estimate  the  probable 
occurrence  and  nature  of  significant  refractive  conditions. 
Different  types  of  remotely  sensed  data,  when  fused 
together  or  merged  with  some  in  situ  observed  or  predicted 
information,  offers  the  promise  of  mapping  refractive 
conditions  in  the  coastal  regions. 
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Figure  9. 

Satellite-derived  MABL  depth  transects  for  (a)  VBG-NSI-NUC-NZY 
and  (b)  NTD-PSUR-NUC-NZY.  Continuous  line  from  multispectral 
and  dashed  line  from  IR-Duct  technique.  Boxes  are  radiosonde 
trapping  layers. 
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DISCUSSION 


M.F.  LEVY 

1 .  Can  Z,  be  estimated  from  satellite  measurement? 

2.  What  is  the  vertical  resolution  for  HIS  profiling? 

AUTHOR’S  REPLY 

1 .  Zs  is  the  depth  of  the  mixed-layer,  or  aerosol  and  water  vapor  containing  marine  layer, 
and  can  be  estimated  from  both  passive  and  active  remote  sensing.  Passive  (radiative) 
approaches  are  based  on  optical  depth  and  cloud-top  temperature  properties  of  the  boundary. 
If  skies  are  clear,  the  multi-spectral  method  using  satellite-borne  sensors  has  been  shown  to  yield 
reasonable  estimates  of  Zy  With  clear  skies,  ground  based  remote  sensing  with  high  resolution 
interferometer  sounding  (HIS)  has  also  yielded  reasonable  estimates  of  Z-r  If  the  mixed  layer 
is  stratus  covered  and  no  middle  or  high  clouds  exist,  satellite  IR  sensor  (AVHRR)  derived 
cloud-top  temperatures  have  been  interpreted  for  Z{  values.  This  is  decribed  by  Helvey  et  al., 
paper  #33,  in  these  proceedings. 

Active  (radar)  approaches  are  based  on  roughness  properties  of  the  surface.  Wind  rows  can 
be  detected  by  SAR  under  both  clear  and  cloudy  skies.  Since  coherent  structures  (e.g.  rolls)  in 
the  boundary  layer  have  certain  ranges  for  the  height  to  width  aspect  ratios,  SAR  determined 
separation  of  wind  rows  can  be  interpreted  for  likely  mixed-layer  depths. 

2.  An  estimated  near-surface  representative  spacing  would  be  50  to  70  meters.  The  vertical 
resolution  would  increase  with  increased  density  of  molecules  responsible  for  the  upwelling 
irradiance.  Hence  the  resolution  near  the  surface  is  highest  and  will  decrease  with  height  as  the 
pressure  gradient  decreases. 
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RESUME 

Les  regions  coheres  sont  souvent  caracterisees  par  des 
environnements  a  propagation  complexe  qui  sont  difficiles  a 
modeliser.  En  utilisant  les  caracteristiques  polarimetriques 
d’une  cible  et  du  milieu  environnant,  il  est  possible 
d’ augment er  la  discrimination  d'un  radar. 

L’ article  propose  s’inscrit  dans  le  cadre  general  de  la 
teledetection  oceanographique  et  des  liaisons  hertziennes  au- 
dessus  de  la  mer.  II  concerne  dans  un  premier  temps,  me  etude 
sur  les  methodes  de  diffusion  par  la  surface  oceanique,  puis 
dans  un  deuxieme  temps,  la  recherche  de  la  signature 
polarimetrique  de  la  surface  de  la  mer  en  fonction  des  divers 
parametres  d’ observation  et  de  plusieurs  modeles  theoriques 
de  diffusion.  Une  methode  d’ optimisation  polarimetrique  est 
developpee  pour  augmenter  la  fiabilite  d’une  liaison 
hertzienne  ou  pour  accroitre  la  discrimination  d’une  cible 
radar. 

ABSTRACT 

This  paper  covers  the  general  topic  of  remote  sensing  and 
radio  propagation  above  the  sea  surface.  A  study  concerning 
scattering  methods  on  the  oceanic  surface  is  first  presented, 
followed  by  the  search  of  the  polarimetric  signature  of  the  sea 
surface,  as  a  function  of  the  observation  parameters  and  some 
theoritical  scattering  models. 

A  technique  of  polarimetric  optimization  is  finally  devel¬ 
oped  to  increase  the  reliability  of  the  radio  link  as  well  as  to 
improve  the  radar  accuracy. 

1.  INTRODUCTION 

Pour  dScrire  l’effet  de  la  reflexion  d’une  onde 
eiectromagnetique  par  une  surface  rugueuse,  il  est  necessaire 
de  choisir  un  modele  approprie.  Les  methodes  les  plus  utilisees 
[1]  peuvent  6tre  classees  en  deux  categories: 

-  theorie  basee  sur  1’ approximation  de  Kirchhoff, 

-  theorie  des  petites  perturbations. 

En  teiedetection  marine,  ou  dans  le  cadre  d’une  liaison 
hertzienne  au-dessus  de  la  mer,  le  critere  de  detection  est  base 
sur  la  puissance  de  l’onde  diffusee  par  une  cible:  or  l’onde 
eiectromagnetique  diffusee  par  un  objet  est  une  grandeur 
vectorielle  transportant  une  information  polarimetrique  due  au 
diffuseur. 


La  signature  polarimetrique  [2]  d’une  cible  represente  la 
variation  de  la  puissance  diffusee  en  fonction  des  differentes 
combinaisons  des  etats  de  polarisation  choisis  a  remission  et 
a  la  reception. 

La  connaissance  de  la  signature  polarimetrique  de  la 
surface  de  la  mer  peut  permettre  l’extraction  des  cibles  noyees 
dans  le  bruit. 

Cependant,  cette  identification  n’est  valable  que  sous 
certaines  conditions  de  mesures  ( gamme  de  frequence, 
position  de  la  cible,  direction  d’ illumination,  etc...).  Le  terme 
"signature  polarimetrique"  est  a  considerer  avec  precaution  car 
il  ne  represente  sectoriellement  qu’un  invariant  de  la  cible 
quelles  que  soient,  son  attitude  le  long  de  l’axe  de  visee  du 
radar,  la  frequence  d’emission,  la  base  orthogonale  des 
vecteurs  de  polarisation,  et  la  methode  utilishe  pour  calculer  le 
champ  diffuse.  Dans  la  troisieme  partie  de  ce  papier, 
1’ influence  de  ce  choix  sur  la  signature  polarimetrique  d’une 
surface  est  montree.  Un  bref  rappel  sur  les  methodes  de 
diffusion  par  une  surface  rugueuse  est  proposee  dans  la 
deuxieme  partie. 


Dans  la  demiere  partie  de  cet  article,  une  methode 
d’optimisation  polarimetrique  est  presentee,  elle  s’ applique 
dans  le  cadre  d’une  liaison  bistatique  au-dessus  de  la  mer,  elle 
consiste  a  choisir  une  polarisation  optimale  de  l’antenne  de 
reception  afin  de  minimiser  l’influence  du  champ  diffuse  par 
la  mer. 

2.  MODELES  THEORIQUES  DE  DIFFUSION 

L’ etude  de  la  diffusion  d’une  onde  eiectromagnetique  par 
une  surface  rugueuse  a  ete  initialis6e  depuis  de  nombreuses 
annees.  Aucune  solution  exacte  n’a  encore  ete  obtenue  a  ce 
jour.  Des  techniques  numeriques  telle  que  la  methode  des 
moments  ont  ete  utilisees  pour  obtenir  une  solution  quasi- 
exacte,  mais  en  general,  ces  methodes  sont  prohibitives  en 
temps  de  calcul  et  ne  sont  generalement  utilisees  que  pour 
evaluer  la  precision  et  le  domaine  de  validite  des  methodes 
approch6es  plus  grossieres. 


Habituellement,  la  precision  des  modeles  approches  est 
suffisante  et  ceux-ci  sont  plus  simples  a  mettre  en  oeuvre.  Bien 
qu’ils  ne  soient  valables  qu’a  1’interieur  d’un  domaine  de 
rugosite,  ces  modeles  sont  utilises  dans  de  nombreuses 
situations. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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Dans  ce  paragraphe,  nous  presentons  un  ensemble  de 
techniques  concemant  la  diffusion  d’une  onde 
electromagnetique  par  une  surface  rugueuse  aleatoire.  Nous 
commenqons  par  introduire  des  modules  polarimetriques  de 
diffusion  par  une  surface  rugueuse,  bases  sur  1’ approximation 
de  Kirchhoff  (phase  stationnaire,  approximation  scalaire)  et 
sur  la  methode  des  petites  perturbations. 

2.1.  Approche  de  Kirchhoff 

Sous  l’approche  de  Kirchhoff,  le  champ  diffuse  est  ecrit  en 
terme  de  champ  tangent  a  la  surface  rugueuse.  Le  champ  a  la 
surface  est  alors  approche  par  la  valeur  du  champ  diffuse  par 
un  plan  au  voisinage  du  point  considere. 


Cette  methode  est  appelee  1’ approximation  du  plan 
tangent.  Son  domaine  de  validite  correspond  a  une  surface 
dont  chaque  point  possede  un  rayon  de  courbure  superieur  a  la 
longueur  d’onde. 


L’ approximation  de  Kirchhoff  est  basee  sur  le  second 
theoreme  de  Green  oh  le  champ  en  chaque  point  a  l’interieur 
d’une  surface  libre  peut  etre  exprime  en  fonction  du  champ 
tangentiel  sur  la  surface.  Cette  consideration  est  formulee 
mathematiquement  par  Stratton  et  Chu  et  modifiee  pour  le 
champ  lointain  par  Silver  [1],  ainsi  le  champ  diffuse  peut 
s’ecrire  sous  la  forme: 

ES  =  Kns  a  J  {nAE-rijnjA  (h  aH)  }  jkr '  "‘ds  (1) 

ou  hs :  vecteur  unitaire  dans  la  direction  du  champ 
diffuse, 

h :  vecteur  unitaire  normal, 

k:  constante  d’onde, 

r|  j :  impedance  intrinseque  du  milieu  oh  E  est  evalue, 


R0:  distance  du  centre  illuming  au  point  d’observation, 

E:  champ  electrique  total, 

H :  champ  magnetique  total. 

Pour  determiner  le  champ  diffus6,  il  faut  commencer  par 
exprimer  les  composantes  tangentielles  des  champs  PiaE  et 
h  a  H  pour  chacune  des  realisations  de  la  surface  en  fonction 

du  champ  incident  E  en  utilisant  1’ approximation  de 
Kirchhoff. 


Fig  1  .G6om6trie  de  la  diffusion 

Sous  cette  approximation,  les  champs  a  la  surface 
dependent  de  1’orientation  de  la  surface  (caracterisee  par 
Vorientation  de  sa  normale  locale),  des  caracteristiques 
physiques  du  milieu  ( temperature  et  salinite)  et  de  la 
geometrie  de  la  diffusion  ( angles  d’ incidence  et  angles 
d’observation). 

Meme  sous  1’approximation  du  plan  tangent,  le  champ 
diffuse  s’exprime  en  fonction  d’une  integrale  de  surface 
difficile  a  resoudre  analytiquement.  D’autres  hypotheses 
simplificatrices  sont  alors  necessaires. 

2.1.1  Domaine  haute  frequence  -  Phase  stationnaire 

La  solution  haute  frequence  ( Optique  Geometrique)  est 
obtenue  en  utilisant  1’ approximation  de  la  phase  stationnaire. 
Son  domaine  de  validity  correspond  a  des  surfaces  qui  ont  un 
rayon  de  courbure  moyen  et  un  degre  de  rugosite  important 
vis-a-vis  de  la  longueur  d’onde. 

Pour  resoudre  (1)  il  est  neccssaire  d’utiliser 
1’  approximation  dite  phase  stationnaire:  la  diffusion  a  lieu 
uniquement  le  long  de  la  direction  speculate. 

Le  champ  diffuse  est  calcule  a  partir  de  (1)  sur  l’aire 

illumincc  (Fig  1 .),  avec  un  facteur  de  phase  exp  { -jkhi  •  r' }  par 
rapport  au  champ  incident. 

Mathematiquement,  l’approximation  est  obtenue  a  partir 
de  la  phase  Q: 

Q  =  k(hs-  ht)  ■  r'  =  q%x'  +  qyy'  +  qp?  (2) 

avec: 

qx  =  i(sin0jcosc()j-  sinGcoscp) 

q  =  ^(sinS^sintp^-  sin0smq>) 

qz  =  k  (cos0j  +  cos0) 

r'  -  (x',y\  z' ) 7:  distance  du  point  au  centre  de  la  cible 

La  phase  est  dite  stationnaire  si: 
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L’  hypothese  de  stationnarite  simplifie  revaluation  des 

quantites  n  a  E,  h  a  H  et  elimine  leur  dependance  vis-a-vis  des 
variables  d’  integration.  Ainsi  pourune  polarisation  d’emission 
q  et  une  polarisation  de  reception  p,  les  composantes  du 
champ  diffuse  sont  donnees  par  l’expression  (5): 

ESpq  =  (5) 


avec: 

jkexp  {-jkR0} 

K  =  4?t«0  ’ 

7l  =  | ^\\exp{jq/ +jqyy' +jqlz(x',y')}dx'dy' 

2  2,2,2 

q  =  qx  +  qy  +  qz 

Ea: module  du  champ  incident, 

U  :  terme  de  polarisation, 
z  (x,  y) :  surface  a!6atoire  illuminee. 


Une  etude  bistatique  des  coefficients  de  diffusion  de  la 
surface  maritime  nous  a  permis  d’evaluer  l’influence  de  la 
salinite,  de  la  temperature  et  de  la  rugosite  sur  l’intensite  du 
champ  diffuse, 


Fig  2.0rientation  d’une  facette  -  angle  d’incidence  locale 


Angle  d’incidence  (degres) 


Fig  3.Coefficient  de  rdtrodiffusion  (<^vv  =  0hh)  en  fonction  de  9  pour  plu- 
sieurs  6tats  de  mer  -  mer  faible  (ser_0.08),  mer  forte  (ser_0.13)  tempdte 
(ser_0.17)  -  et  pour  une  mer  standard  (Salinitd  S-  35  ppm  et  Temperature  T- 
20  °C)  -  Frequence  -  10  GHz 

*  pour  une  incidence  normale  9  inferieure  a  10°,  le  coeffi¬ 
cient  de  retrodiffusion  est  maximal  par  mer  plate  et  decroit 
quand  la  vitesse  du  vent  augmente  {etat  de  la  mer)\ 

*  pour  9  superieur  a  10°  la  tendance  s’inverse  et  le  coeffi¬ 
cient  de  retrodiffusion  augmente  avec  la  vitesse  du  vent. 


Sous  cette  approximation,  seules  les  facettes  ayant  une 
orientation  speculate  vis-a-vis  du  faisceau  incident  diffusent. 
Dans  le  cas  de  la  retrodiffusion,  seulement  celles  possddant 
une  orientation  perpendiculaire  au  faisceau  incident  contri- 
buent.  L’ angle  d’incidence  locale  (Fig  2.)  est  tel  que  9(.  =  0° 
ce  qui  implique: 

m 

Rv  =  Re 

(6) 

Rh  =  Re ** 

a wee  R  =  |flv(0)|  =  |f?/t(0)|. 

Ainsi  les  termes  de  polarisation  croises  sont  nuls  et  les  es 
coefficients  de  copolarisation  ont  la  meme  amplitude  . 

L’influence  du  degre  de  rugosite  se  fait  sentir  sur  le  coeffi¬ 
cient  de  retrodiffusion  de  deux  manieres  differentes  (Fig  3.): 


En  incidence  verticale,  et  par  vent  nul  (mer  calme),  l’onde 
est  reflechie  comme  sur  un  miroir;  quand  le  vent  augmente,  le 
nombre  de  facettes  de  reflexion  speculate  devient  plus  faible 
et  le  coefficient  de  retrodiffusion  diminue. 

Pour  0  superieur  k  10° ,  le  nombre  de  facettes  contribuant  a 
une  reflexion  sp6culaire  augmente  avec  le  vent,  il  en  est  de 
meme  pour  le  coefficient  de  retrodiffusion. 

Le  comportement  des  coefficients  de  diffusion  sous  l’hypo- 
these  de  la  phase  stationnaire  rejoint  les  resultats  experimen- 
taux  observes  (Fig  4.et  Fig  5.). 

Pour  la  bande  de  frequence  utilisee  (8  a  20  GHz),  l’in¬ 
fluence  de  la  temperature,  de  la  salinite  et  de  la  frequence 
reste  negligeable.  En  considerant  des  frequences  plus  faibles 
(inferieures  a  1  GHz),  il  devient  necessaire  de  prendre  en 
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compte  les  variations  de  la  salinite  [4]. 
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Fig  4.Coefficients  de  diffusion  a hh  (Shh)  et  Oyv  (Sw)  en  fonction  de 
pour  une  mer  standard  (T-20°C  et  S-35ppm)  -  pour  une  frequence  de  13.9 
GHz  et  un  6 tat  de  mer  faible  a  mod£r6  -  pour  un  angle  d’ incidence  de  40°. 


de  Fresnel  au  voisinage  des  pentes  nulles.  On  montre  dans  ce 
cas  que  le  champ  diffuse  s’6crit: 

Em  =  KEo\Upqexp{jQ}ds'  (7) 

Oil  Q  est  la  fonction  de  phase  d6finie  ci-dessus,  les  termes 
Upq  sont  des  fonctions  de  la  g6om6trie  de  la  diffusion,  des 
coefficients  de  Fresnel  modifies  et  des  pentes  de  la  surface. 
On  montre  qu’ils  peuvent  etre  mis  sous  la  forme 

dpq  =  **  +  *&  +  *?>  (8) 

oil  les  a  •  dependent  de  la  polarisation.  Les  termes  Zx  et  Zy 
designent  les  pentes  de  la  surface  exprim6es  dans  les  direc¬ 
tions  x  et  y. 

Sous  ces  hypotheses  et  apr£s  simplification,  les  coefficients 
de  diffusion  peuvent  etre  6crits  comme  la  somme  d’une  com- 
posante  coh6rente  ( terme  osp  c)  et  d’une  composante  diffuse 
(termes  as  et  as  ): 

pqn  pqs' 


o'  +  O'  +  O' 
pqc  pqn  pqs 


(9) 


Fig  5.Coefficients  de  diffusion  a et  en  fonction  de  <ps  pour 
0  =  40°  (extrait  de  Fung  1979  [3]) 

Si  le  degrif  de  rugosite  diminue,  la  surface  tend  vers  un 
plan.  La  mdthode  ne  peut  plus  s’appliquer  et  commence  a 
foumir  des  r6sultats  errones. 

Une  autre  approche  est  alors  necessaire:  e’est  l’approxima- 
tion  scalaire. 


Dans  le  cas  d’une  surface  gaussienne  d’6cart-type  a  et  de 
fonction  de  correlation  gaussienne  de  longueur  de  correlation 
/,  l’equation  (9)  se  decompose  ainsi: 


c  =  ^2\a0\H(qx)b(qy)exp{-q2la1} 


(10) 


°L»=  (?)2^2!a0|  2exp{-q\o2} 


.  2,  lu2  (11) 

v  'V  '  f  (<1X  +  Cly)l 

y - i - exp{ - - - } 

n\n  An 

n  =  1 


(sV)" 


°Ls  ^-(k^)2^exp{-q^l}ReiaQ(qxa^  +q  a£)] 


pqs 


I 

n  =  1 


n\  n 


(4 l  +  q2y )l2 

exp{ - 

4n 


(12) 


Dans  le  cas  d’une  surface  plane,  le  terme  q,a  tend  vers 
zdro,  seule  la  composante  coh6rente  ( ou  speculaire)  existe. 


2.1.2.  Optique  physique  -V approximation  scalaire 

Cette  approche  consiste  a  decomposer  les  termes  de  1’ inte¬ 
grate  obtenue  a  partir  de  (1)  dans  2.1.1.  autour  des  termes  de 
pente  nulle.  Pour  etre  valable,  la  surface  doit  posseder  un 
rayon  de  courbure  important  et  un  ecart-type  des  pentes  faible 
par  rapport  a  la  longueur  d’onde.  II  faut  egalement  que  les 
coefficients  de  Fresnel  varient  lentement  par  rapport  a  la  sur¬ 
face.  L’hypothese  d’un  ecart-type  des  pentes  faibles  simplifie 
l’expression  de  la  normale  locate  a  la  surface.  La  demiere 
hypothese  permet  un  developpement  en  s6rie  des  coefficients 


Quand  le  degre  de  rugosite  augmente,  la  composante  cohe- 
rente  diminue  au  profit  des  composantes  diffuses  [5]. 

En  comparant  cette  ntethode  a  celle  de  la  phase  station- 
naire,  des  resultats  semblables  sont  obtenus  (Fig  6.)  notam- 
ment  si  les  produits  ka  et  kl  sont  importants 
(respectivement  de  I'ordre  de  1.5, 22). 

Un  comportement  identique  a  6t6  observe  vis-a-vis  de  la 
temperature,  la  salinite  et  la  frequence. 
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Fig  6.Coefficients  de  r&rodiffusion  ahh  (Shhl  et  oyv  (Svv)  en  fonction  de 
Tangle  d’incidence  8  pour,  plusieurs  valeurs  de  ko  ,  un  degrd  de  rugositd 
dgale  a  0. 1  et  une  constante  didlectrique  6gale  a  1 .6 
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Fig  7.Difference  entre  les  termes  de  polarisation  croisds  (diff-cro)  et  entre  les 
termes  copolaris6s  (diff-cop)  en  fonction  de  0  ,  pour  une  mer  standard,  une 
frequence  de  10  GHz  et  pour  deux  tots  de  mer:  mer  calme  et  mer  tres  forte. 


L’approximation  de  Kirchhoff  doit  etre  completee  par  la 
methode  des  petites  perturbations. 

2.2  Methode  des  petites  perturbations 

La  methode  des  petites  perturbations  est  basee  sur  l’hypo- 
these  que  les  champs  diffuses  et  transmis  par  ou  a  travers  une 
surface  rugueuse,  peuvent  etre  represents  par  une  superposi¬ 
tion  d’ondes  planes  d’amplitude  inconnue  se  propageant  vers 
le  recepteur. 

Cette  representation,  connue  aussi  sous  le  nom  de  l’ap- 
proximation  de  Rayleigh,  repose  sur  l’hypothese  d’une  varia¬ 
tion  des  hauteurs  de  la  surface  faible  vis-a-vis  de  la  longueur 
d’onde.  II  est  alors  possible  d’ecrire  le  champ  diffuse  sous 
forme  de  s6rie.  Sous  cette  hypothese  et  en  utilisant  les  condi¬ 
tions  aux  limites,  les  amplitudes  inconnues  des  champs  sont 
determines. 

Compte-tenu  des  hypotheses  faites,  cette  methode  est  seu- 
lement  applicable  a  des  surfaces  peu  rugueuses. 

Le  developpement  est  souvent  limite  au  premier  ordre  a 
cause  de  la  complexit6  des  calculs  pour  les  ordres  superieurs. 

Cette  technique  est  valable  pour  des  incidences  plus  impor- 
tantes  contrairement  aux  deux  techniques  preccdentes. 

Les  coefficients  de  diffusion  {au  premier  ordre)  s’ecrivent 
[6]: 


Neanmoins  des  differences  ont  ete  observees  en  ce  qui  con- 
ceme  les  termes  copolarises  en  r6trodiffusion:  les  termes  ahh 
et  avv  ne  sont  plus  egaux  (Fig  7.). 

Cette  difference  est  imputable  au  comportement  des  coeffi¬ 
cients  de  reflexion  de  Fresnel  qui  ne  varie  plus  "lentement"  au 
voisinage  de  l’angle  de  Brewster. 

De  mcmc  en  comparant  les  coefficients  de  diffusion,  une 
difference  existe  entre  les  termes  de  polarisation  croises  ( sous 
Vhypothese  de  la  phase  stationnaire  ahv  est  toujours  identi- 
que  a  oyh). 

Dans  1’  approximation  de  Kirchhoff,  la  dimension  horizon- 
tale  de  la  surface  doit  etre  plus  grande  que  la  longueur  d’onde 
mais  aucune  restriction  n’est  imposee  4  l’ecart-type  de  la  sur¬ 
face. 

Dans  la  premiere  partie  de  ce  paragraphe  ( approximation 
de  la  phase  stationnaire),  on  a  suppose  que  le  dcgrc  de  rugo- 
site  est  important.  Dans  la  seconde  partie,  l’approximation 
scalaire  a  ete  presentee,  elle  permet  de  traiter  des  surfaces 
possedant  des  pentes  faibles. 


apq  ~  8|^2acos0cos0sa^J2W’(A:;c  +  fesin9,  ky)  (13) 
avec: 

w  (kx,  ky)  =  J  |  p  («,  v)  exp  {-j  ( kxu  +  kyv) }  dudv, 

— OO 

p:  fonction  de  correlation  de  la  surface, 
a.pq :  terme  de  polarisation. 

Une  etude  bistatique  des  coefficients  de  diffusion  de  la 
surface  oc6anique  nous  a  permis  de  mesurer  l’influence  de  la 
salinitd,  de  la  temperature  et  de  la  rugosite  sur  l’intensite  du 
champ  diffuse. 

Ainsi,  nous  avons  constate  que  le  coefficient  de  retrodiffu- 
sion  n’est  significatif  que  pour  des  angles  d’incidence  supe- 
rieure  a  20° .  Les  termes  copolarises  ohh  et  oyv  sont 
diffcrents.  Les  termes  de  polarisations  croisees  sont  nuls 
{approximation  d’ ordre  1). 

L’ augmentation  de  l’etat  de  mer  provoque  un  accroisse- 
ment  des  coefficients  de  retrodiffusion  (Fig  8.).  Elle  modifie 
6galement  la  pente  de  ces  coefficients  vis-a-vis  de  0 :  une  mer 
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forte  entraine  une  decroissance  plus  rapide  de  a  que  pour 
une  mer  faible.  En  polarisation  horizontale  ce  phenomene  est 
plus  important. 


(a) 


> 

> 


(b) 


Fig  8.Coefficients  de  retrodiffusion  (-  (a)  -  Ohh  et-(b)-  Oyy  )en  fonction 
de  0  pour  plusieurs  dials  de  mer  -  mer  faible  (dtat  1  -  U*=l  2  cm/s),  mer  forte 
(etat  6  -U*=86  cm/s)  tempete  (etat  8  -  U*=160  cm/s)  -  el  pour  une  mer  stan¬ 
dard  (Salinite  S=  35  ppm  et  Temperature  T=  20  °C)  -  Frequence  =10  GHz 


L’influence  de  la  temperature  est  importante  sur  le  coeffi¬ 
cient  <syv  pour  des  angles  d’incidencesrasantes  (Fig  9.).  Elle 
restc  negligcable  en  polarisation  horizontale. 


Le  mcme  phenomene  est  observe  vis4-vis  de  la  salinite, 
mais  son  influence  est  trfes  faible  ( inferieur  a  7  °l0)  pour  des 
frequences  supcricurcs  a  4  GHz. 


Fig  10. Coefficients  de  diffusion  0^  (Shh)  et  0yy  (Sw)  en  fonction  de 

<p^  pour  une  mer  standard  (T=20°C  et  S=35ppm)  -  pour  une  frequence  de 

13.9  GHz  un  vent  de  fricition  de  100  cm/s  et  un  angle  d’incidence  de  40°. 

Le  comportement  des  coefficients  de  diffusion  sous  l’hypo- 
thdse  de  la  methode  des  petites  perturbadons  (Fig  11.)  rejoint 
les  resultats  experimentaux  observes. 

L’influence  de  l’angle  d’observation  0j  et  la  constante  die¬ 
lec  trique  er  est  notable  en  propagadon  avant  [5]. 

La  frequence  et  l’dtat  de  la  mer  modifient  l’amplitude  des 
coefficients  de  diffusion.  Leur  influence  est  plus  importante 
en  retrodiffusion. 

3.  COMPORTEMENT  POLARIMETRIQUE 

L’exploitadon  de  l’informadon  polarimetriquc  vchiculec 
par  les  ondes  electromagnetiques  a  longtemps  et6  ndgligde  au 
profit  d’informadons  purement  scalaires.  Mais  depuis  un  cer¬ 
tain  nombre  d’annees,  on  assiste  h  une  augmentadon  des 
rechcrches  dans  ce  domaine,  notamment,  dans  le  domaine  du 
radar. 


O  10  20  "So  40  56  &>  TO  AO  SO 


Angle  d’mcidence  (degres) 

Fig  9.1nfluence  de  la  temperature  sur  les  coefficients  de  retrodiffusion  en 
fonction  de  0  pour  une  mer  forte  (etat  6),  deux  temperatures  T=0°C  et 
T=30°C  -  salinite  S=35ppm  -  Frequence  =  10  GHz 


Dans  la  premifere  parde  de  ce  paragraphe,  la  signature  pola- 
rimetrique  de  surface  rugueuse  est  presentee  ainsi  que  la  typo- 
logie  des  courbes  obtenues  dans  le  cas  de  plusieurs  modules 
theoriques  de  diffusion  ( methode  de  Kirchhoff,  methode  des 
petites  perturbations )  et  pour  diverses  geometries  d’observa- 
dons  {etude  bistatique).  Dans  la  demiere  partie,  une  methode 
d’opdmisation  polarimetriquc  est  presentee  pour  augmenter  la 
fiabilitd  d’une  liaison  hertzienne  ou  accroitre  la  discrimination 
d’une  cible  radar. 

Unc  onde  61ectromagn6tique  plane  est  caractcrisce  par  sa 
polarisation  decrite  par  la  trajectoire  (Fig  12.)  de  son  vecteur 
champ  elec  trique  dans  un  plan  tranversc  a  sa  direction  de  pro¬ 
pagadon  (plan  d’ onde). 


La  signature  polarimetrique  [2]  d’une  cible  repriscnte  la 
variation  de  la  puissance  difftisde  en  fonction  des  diffdrentes 
combinaisons  des  etats  de  polarisation  choisis  a  remission  et 
4  la  reception. 

3.1.1.  Phase  stationnaire 


Fig  1  l.La  polarisation  d’une  onde  est  dtsfinie  par  les  paramfitrcs  <j)  (orienta¬ 
tion)  et  x  (ellipticiti)  de  son  ellipse  de  polarisation. 

Quand  une  cible  radar  est  illumin6e,  l’onde  diffus6e  pos- 
sdde  un  6 tat  de  polarisation  qui  porte  de  l’information  sur  la 
nature  du  diffuseur  ( signature  polarimetrique). 

Une  cible  radar  se  comporte  comme  un  modificateur  de 
polarisation;  le  changement  de  polarisation  au  niveau  de  l’ob- 
jet  est  d6crit  par  une  relation  matricielle. 


La  matrice  de  Mueller  est  construite  it  partir  d’une  matrice 
qui  materialise  la  depolarisation.  II  est  possible  d’extraire  un 
terme  constant  multiplicatif  Cl  de  la  matrice  de  Mueller. 
Dans  cette  constante  apparait  l’influence  du  degr6  de  rugosite 
de  la  surface.  De  ce  fait,  la  signature  polarimetrique  d’une 
surface  est  independant  ( dans  le  cas  de  cette  methode),  de 
l’agitation  du  milieu  eclaire.  Quel  que  soit  l’etat  de  la  mer,  la 
signature  polarimetrique  est  identique  car  elle  est  normalisee. 


Le  terme  Cx  s’exprime  ainsi: 

IkEf 

C1 - 2  * 

(4nR0)2 

qy\P"  mexp\  yyp"  <o)i j 


(15) 


Dans  le  cas  d’une  cible  canonique,  la  matrice  de  diffusion 
[S]  decrit  la  relation  lindaire  amplitude/phase  entre  l’onde  dif- 
fusee  Es  et  l’onde  incidente  E‘. 

Es  =  (14) 

Si  l’onde  diffusee  par  la  cible  n’est  pas  monochromatique, 
les  composantes  du  champ  regu  peuvent  etre  consider6es 
comme  des  variables  aleatoires  resultant  d’une  sommation 
incoherente  de  l’ensemble  des  diffuseurs  contenus  dans  la 
zone  eclairee.  Dans  ce  cas  la  matrice  [S]  perd  sa  signification. 
II  est  necessaire  d’utiliser  une  representation  en  puissance,  la 
plus  usuelle  est  la  matrice  de  Mueller  moyenne  ( [M]  >.  II  est 
possible  de  montrer  que  la  matrice  [M]  est  li6e  a  la  matrice 
de  diffusion  [S] .  On  peut  dire  qu’i  chaque  matrice  [5]  cor¬ 
respond  une  matrice  de  Mueller  [M] ,  mais,  l’application 
n’est  pas  bijective. 

II  existe  des  cas  ( diffusion  par  une  surface  aleatoire)  qui  ne 
peuvent  etre  decrits  par  une  transformation  du  type  (14)  quoi- 
que  descriptible  par  la  matrice  de  Mueller. 

3.1.  Signature  polarimetrique 


3.1.2  Approche  scalaire 

La  matrice  de  Mueller  se  construit  &  partir  des  coefficients 
de  polarisation  at  et  des  coefficients  de  Fresnel  modifies. 
Comme  pr6c6demment,  il  est  possible  de  faire  apparaitre  un 
terme  constant  en  facteur; 

<vc>=c2  («,«; )  (i6) 

C2  est  une  constante  qui  depend  de  l’aire  6clair6e,  de  la 
g6om6trie  de  la  diffusion  et  du  degr6  de  rugosite  de  la  surface. 


Dans  le  cas  d’une  surface  gaussienne  d’6cart-type  o  et  de 
fonction  de  correlation  gaussienne  de  longueur  de  correlation 
/,  cette  constante  s’exprime  ainsi: 


(kE  )2 

■2  ~ - °—^AfexP  {-  (?zo)2)  ’ 

16?c  R20 

^  (4Z°)2"  r  y+fyi1, 

Z-^rex?{ — 

n  =  1 


La  rugosite  de  la  surface  module  done  globalement  l’en¬ 
semble  des  termes  de  la  matrice  de  Mueller 


La  matrice  de  Mueller  moyenne  <[M]),  resultant  d’un 
moyennage  temporel  des  mesures,  est  caract6ristique  de  la 
cible.  Elle  depend  de  la  geometric  d’observation,  de  la  fre¬ 
quence,  des  parametres  physiques  et  comportementaux  de  la 
cible  mais  elle  est  independante  de  l’etat  de  polarisation  de 
1’onde  incidente  et  de  l’onde  re?ue. 


3.1.3  Methode  des  petites  perturbations 

La  matrice  de  Mueller  se  construit  a  partir  des  termes 
(EpqEu*  ).  Pour  une  geometric  et  un  type  de  surface  fixe, 
l’intensite  (EpqEu*  )  est  proportionnelle  aux  termes  de  pola¬ 
risation: 
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(E  E  *  >  =  C,  (a  a  *  )  (18) 

'  pq  uv  *  3  v  pq  uv  '  v  7 

Le  coefficient  C3  est  une  constante  qui  depend  de  la  rugo¬ 
sity  et  de  la  surface  ainsi  que  de  la  geometric  de  la  diffusion. 

2A  (E  )2  „  , 

C3  =  — - — j — (k2a cosBcosG^)  W (kx  + ksinQ,  ky)  (19) 
4nR0 

3.2.  Application 

Nous  allons  etudier  dans  ce  paragraphe,  les  variations  de  la 
puissance  diffusee  en  fonction  de  la  surface  (parametre  physi¬ 
que  et  geometrique )  et  de  la  polarisation  de  l’antenne  de 
reception. 

L’analyse  de  ces  variations  nous  permet  de  trouver  une 
polarisation  optimale  de  l’antenne  de  reception  afin  de  mini¬ 
miser  la  puissance  diffusee  par  la  surface  de  la  mer.  Pour  cela 
considerons  une  antenne  de  reception  avec  des  elements  ajus- 
tables  qui  permettent  de  regler  1’etat  de  polarisation  de  l’an- 
tenne  ( notamment  V orientation  tyrt  de  sa  base  de  polarisation 
-Fig.  12).  La  geometrie  du  site  est  fixee  (0, 0s,  cp,  tps) . 


On  cherche  alors  a  minimiser  cette  puissance.  Les  extre- 
nums  vis-a-vis  de  tb  sont  obtenus  en  calculant  la  derivee 

Tre 

- ,  ce  qui  laisse  entrevoir  un  calcul  fastidieux. 

di>  M 
rre 

Compte-tenu  de  la  remarque  precedente,  c’est-a-dire  que 
l’ensemble  des  parametres  (SpqSu*  )  suivant  la  meme  evolu¬ 
tion  en  fonction  du  degre  de  rugosite.  On  constate  que  quel- 
que  soit  l’6tat  de  la  mer,  la  puissance  minimale  est  toujours 
obtenue  pour  le  meme  etat  de  polarisation  de  l’antenne  de 
reception. 

L’ influence  de  la  constante  dielectrique  (c’est  a  dire  de  la 
variation  de  la  temperature  et  de  la  salinite  de  la  surface  de  la 
mer)  reste  fits  faible  dans  la  bande  de  frequence  8-20  GHz. 

Sur  La  figures  13  est  presente  un  exemple  de  recherche  de 
minimum  (<|>  )  .  pour  une  gdometrie  donnee.  Elle  montre 
la  variation  de  fa' puissance  diffusee  en  fonction  de  Tangle 


3.3.  Resultats 


Le  vecteur  de  Stockes  gre  associe  a  la  polarisation  de  Tan-  Les  figures  14,15  et  16  represented  la  variation  de  la  puis- 
tenne  peut  etre  exprime  en  fonction  du  vecteur  de  Stockes  gr  sance  diffusee  par  la  mer,  en  fonction  des  differentes  combi- 
associe  a  Tonde  incidente  re?ue  par  Tantenne:  naisons  des  dtats  de  polarisation  choisis  a  remission  et  4  la 

reception,  pour  differcnts  modeles  theoriques  de  diffusion. 


Chaque  figure  est  obtenue  pour  un  angle  d’incidence  et 
d’observation  de  20°  et  une  mer  standard  ( salinite 
S  =  35 ppm  et  temperature  T  =  20°C). 

Si  nous  comparons  les  trois  modeles,  nous  observons  des 
resultats  comparables  pour  Tapproche  scalaire  et  la  methode 
des  petites  perturbations.  Ces  deux  methodes  ont  des  condi¬ 
tions  de  validite  proche  ( surface  peu  rugueuse)  bien  qu’elles 
ne  soient  pas  applicables  pour  une  meme  plage  d’incidence. 


-100  -90  -60  -40  -20  0  20  40  60  80  100 


Angle  d’orientation  de  l’antenne  (degr6s) 

Fig  B.Puissance  diffusee  normalisee  re?ue  par  l’antenne  dans  le  cas  des  peti¬ 
tes  perturbations  en  fonction  de  l’angle  d’orientation  de  l’antenne  de  recep¬ 
tion  <f>r  -  Mer  standard  ( T  =  20 °,S  =  35ppm)  et  pour  tp  =  0°, 
tp  =  %°,  0  =  30°  et  0  =  60°  -  Polarisation  incidente  lineaire  a 
*  S  22,  25° 


Fig  12.Base  de  polarisation  de  1 ’antenne  de  reception 
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La  methode  de  la  phase  stationnaire  presente  un  coraporte- 
ment  different.  La  signature  co-polarise  {mime  etat  de  polari¬ 
sation  a  I’emession  et  a  la  reception)  est  peu  influencee  par 
Tangle  d’azimut  (p;.  Pour  un  angle  d’incidence  et  d’observa- 
tion  de  20° ,  la  surface  se  comporte  comme  une  plaque.  Nean- 
moins  pour  <ps  =  90° ,  un  maximum  de  puissance  est  observe 
pour  un  etat  de  polarisation  vv.  Le  minimum  est  toujours 
observe  pour  un  etat  de  polarisation  circulaire.  La  signature 
cross-polarisee  ( etat  de  polarisation  a  Vemetteur  et  au  recep- 
teur  orthogonal)  presente  un  comportement  etrange  pour  des 
angles  <p  proche  de  90°.  Dans  ce  cas,  Tenergie  estrepartie  de 
faqon  uniforme  (Fig  14-f2)  dans  le  plan  (t,  <(>) ,  c’est-a-dire 
qu’elle  est  independante  de  l’etat  de  polarisation. 

Les  Figures  15  et  16  sont  comparables  sauf  dans  le  cas  de  la 
retrodiffusion  ( Fig.15.al  et  Fig.16.al).  Ainsi  un  maximum  de 
puissance  est  observe  pour  une  polarisation  vv  avec  la 
methode  des  petites  perturbations,  tandis  que  ce  maximum 
correspond  a  une  polarisation  hh  dans  le  cas  de  Tapproche 
scalaire.  Le  minimum  de  puissance  correspond  toujours  a  des 
etats  de  polarisation  circulaire 

4.  CONCLUSION 

Dans  cet  article,  deux  approches  pour  calculer  Tintensite  du 
champ  diffuse,  ont  ete  developpees:  la  methode  des  petites 
perturbations  et  T  approximation  de  Kirchhoff.  Cette  demiere 
suppose  qu’en  tout  point  de  la  surface,  le  profil  peut  etre  rem- 
place  par  un  plan  tangent  infini  en  ce  point,  ce  qui  impose 
implicitement  un  rayon  de  courbure  grand  devant  la  longueur 
d’onde  en  chaque  point  de  la  surface. 

Deux  approximations  peuvent  etre  faites  pour  la  resolution 
de  ce  probleme:  la  solution  de  Toptique  geomctrique,  dite 
egalement  phase  stationnaire  et  celle  de  Toptique  physique, 
dite  approximation  scalaire. 

L’ approximation  de  la  phase  stationnaire  repose  sur  l’hypo- 
these  que  le  champ  diffuse  provienne  uniquement  des  points 
speculaires,  ce  qui  se  traduit  mathematiquement  par  une  con¬ 
dition  de  stationnarite  sur  la  phase.  L’energie  alors  diffusee  est 
proportionnelle  a  la  probability  d’avoir  des  pentes  reflcchis- 
santes  de  fa5on  speculate.  Cette  approximation  nous  a  permis 
de  calculer  theoriquement,  puis  numeriquemcnt,  les  coeffi¬ 
cients  de  la  matrice  de  diffusion  bistatique.  On  montre  que  ces 
coefficients  ne  dependent  que  des  pentes  de  la  surface. 

L’ approximation  scalaire  est  basee  sur  un  6cart-type  des 
pentes  faibles  vis-a-vis  de  la  longueur  d’onde  et  sur  des  varia¬ 
tions  lentes  des  coefficients  de  Fresnel  par  rapport  a  leur  posi¬ 
tion  sur  la  surface. 

L’ approximation  de  Kirchhoff  est  completee  par  la 
methode  des  petites  perturbations,  cette  technique  impose 
deux  conditions:  T  6c  art  type  de  la  surface  et  la  longueur  de 


correlation  doivent  etre  faibles  devant  la  longueur  d’onde. 
Ainsi  les  champs  peuvent  etre  developpes  en  serie  de  Fourier 
dont  les  coefficients  a  Tordre  n  sont  determin6s  par  les  condi¬ 
tions  aux  limites. 

Pour  chaque  methode,  une  etude  bistatique  des  coefficients 
de  diffusion  de  la  surface  oceanique  nous  a  permis  de  mesurer 
T  influence  de  la  salinite,  de  la  temperature  et  de  la  rugosite 
sur  Tintensite  du  champ  diffuse. 

Une  etude  polarimetrique  nous  a  permis  de  montrer  que  les 
elements  de  la  matrice  de  Mueller  sont  tous  influences  de  la 
meme  faqon  par  le  dcgre  de  rugosite  de  la  surface.  La  diffe¬ 
rence  devolution  entre  ces  coefficients  est  a  attribuee  a  la 
constante  dielectrique  de  la  surface  et  a  la  geometrie  de  la  dif¬ 
fusion.  Cette  difference  se  traduit  par  une  modification  de  la 
typologie  et  de  la  topologie  des  signatures  polarimetrique s. 

Cette  remarque  parait  etonnante,  en  effet  Tindependance  de 
la  signature  polarimdtriquc  vis-a-vis  de  la  rugosite  tend  a 
montrer  que  la  rugosite  globalement  ne  depolarise  pas.  Elle 
provoque  uniquement  une  modulation  globale  de  Tamplitude 
des  termes  de  la  matrice  de  Mueller.  Les  seuls  elements  depo- 
lariseurs  sont  la  constante  dielectrique  du  milieu  et  la  geome¬ 
trie  de  la  diffusion. 

Nous  avons  montre  qu’il  est  possible,  quelles  que  soient  les 
conditions  de  validite  de  minimiser  les  effets  de  diffusion  dus 
&  la  mer.  La  polarisation  lineaire  optimum  est  une  fonction  qui 
semble  ne  dependre  que  seulement  de  la  geometrie  de  la  dif¬ 
fusion. 
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DISCUSSION 


E.  SCHWEICHER 

Quand  vous  avez  parle  des  3  conditions  aux  limites,  vous  avez  dit  qu’elles  vous  fournissaient 
6  equations  permettant  de  trouver  6  inconnues.  Or  je  ne  trouve  que  5  equations:  chacune  des 
2  equations  avec  produits  vectoriels  me  donne  2  equations  scalaires  et  la  divergence  me  donne 
une  equation,  ce  qui  me  foumit  5  equations  en  tout  et  pas  6  equations.  Ou  est  mon  erreur? 


When  you  spoke  about  the  3  boundary  conditions,  you  stated  that  those  conditions  give  you 
6  equations  to  determine  the  6  unknowns.  I  only  find  5  equations,  because  each  of  the  2 
equations  including  vectorial  products  give  me  2  scalar  equations  while  the  divergence 
equation  gives  me  a  single  equation.  Therefore,  I  have  5  equations  and  6  unknowns.  Where 
is  my  error? 


AUTHOR’S  REPLY 

Le  champ  sur  la  surface  est  calcule  sur  la  partie  superieure  de  T  interface  et  sur  le  domaine 
inferieur.  Le  relation  de  divergence  nous  fournit  done  deux  equations.  (Une  sur  le  milieu 
superieur  et  une  sur  le  domaine  inferieur). 


The  field  at  the  surface  is  calculated  above  and  below  the  interface.  The  divergence  relation 
furnishes  two  equations  (one  equation  for  the  medium  above  and  one  equation  for  the  medium 
below). 
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1.  ABSTRACT 

With  the  proliferation  of  efficient,  accurate,  range-dependent 
propagation  models,  the  largest  remaining  challenge  in 
shipboard  environmental  assessment  is  obtaining  high-resolution 
atmospheric  data  for  use  in  these  models.  Due  to  the  difficulty 
of  acquiring  data  in  all  directions  from  a  ship,  it  is  particularly 
important  to  establish  what  horizontal  separation  between 
atmospheric  profiles  is  adequate  for  accurate  shipboard 
assessment.  It  is  equally  important  to  determine  the  minimum 
acceptable  resolution  in  the  vertical  direction.  In  order  to  begin 
to  investigate  these  spatial  sampling  requirements,  this  paper 
examines  two  sets  of  high-resolution  atmospheric  data  collected 
along  the  east  and  west  coast  of  the  U.S.  These  data  were 
collected  by  an  instrumented  helicopter  in  support  of  U.S.  Navy 
propagation  experiments  and  tests.  The  sampling  necessary  to 
represent  significant  atmospheric  structures  is  discussed,  and  an 
accurate  propagation  model  is  used  to  examine  the  sensitivity  of 
propagation  predictions  to  vertical  and  lateral  data  resolution. 
Results  are  presented  for  3  and  10  GHz  to  examine  the 
frequency  dependence  of  resolution  effects. 

2.  INTRODUCTION 

The  basic  impacts  of  environmental  conditions  on  the  operation 
of  shipboard  radiating  systems  have  been  understood  for  some 
time  (Refs.  1-4),  and  methods  to  model  these  effects, 
particularly  those  associated  with  atmospheric  refractivity,  are 
now  relatively  mature  (Refs.  5-9).  In  fact,  there  is  an  apparent 
consensus  among  organizations  working  on  environmental 
assessment  for  naval  applications  that  microwave  propagation  in 
near-horizontal  directions  should  be  represented  using  the 
parabolic  wave  equation  (PE)  solved  with  a  suitable  numerical 
technique,  such  as  Fourier  split-step  or  implicit  finite  difference 
algorithms.  This  approach  has  been  demonstrated  to  provide 
excellent  agreement  with  measured  signal  levels  when  sufficient 
atmospheric  refractivity  data  are  available  for  use  in  the  PE 
algorithm  (Refs.  10  and  11). 

With  the  successful  development  of  accurate  propagation 
models,  the  challenge  has  shifted  to  obtaining  the  high- 
resolution,  in  situ  atmospheric  data  necessary  for  effective 
system  performance  predictions.  The  most  serious  difficulties 
in  this  area  arise  from  the  need  to  accurately  characterize 
horizontal  variations  in  the  refractive  environment  because  this 
necessitates  acquiring  data  at  multiple  ranges  and  azimuths,  as 
well  as  at  several  heights.  Potential  methods  of  obtaining 
information  about  horizontal  variations  include  frequent  flights 
by  aircraft  (manned  or  remotely  piloted)  equipped  with 
atmospheric  sensors  or  dropsondes  (Ref.  12),  or  using  three- 
dimensional  remote  sensing  techniques  (e.g.,  radar  or  laser 
sounding)  from  surface  ships,  aircraft,  or  satellites  (Refs.  13-16). 
Currently,  however,  each  of  these  approaches  is  plagued  by 


either  logistic  or  technological  limitations,  and  the  impact  of 
these  limitations  is  directly  related  to  the  spatial  and  temporal 
measurement  resolution  required  by  a  given  propagation 
assessment  application. 

The  goal  of  this  paper  is  to  provide  an  initial  study  of  the 
sensitivity  of  propagation  estimation  accuracy  to  atmospheric 
data  resolution.  This  is  a  difficult  topic  to  address  in  a  general 
manner  because  the  sensitivity  of  propagation  predictions  will 
depend  on  the  source-observer  geometry,  radiated  frequency, 
and  type  of  atmospheric  condition.  Furthermore,  criteria  for 
acceptable  propagation  prediction  accuracy  will  depend  strongly 
on  the  function  of  the  system  for  which  the  predictions  are 
made.  The  question  of  "adequate  resolution"  is  thus  treated  in 
a  relative  sense  in  this  study. 

3.  ATMOSPHERIC  REFRACTIVE  CHARACTERISTICS 

Atmospheric  refractive  conditions  are  frequently  described  by 
fitting  them  into  one  of  the  following  categories:  standard 
refraction  (often  represented  as  an  effective  earth  radius  of  4/3 
times  the  physical  earth  radius),  subrefraction  (shortened  horizon 
relative  to  standard),  superrefraction  (extended  horizon),  surface 
ducting,  and  elevated  ducting.  Generally,  the  smallest  and  most 
severe  refractive  structures  are  associated  with  surface  ducting, 
so  these  conditions  will  be  the  focus  of  the  present  atmospheric 
data  resolution  study.  It  is  assumed  that  data  requirements  that 
support  ducting  characterization  will  also  support  accurate 
characterization  of  the  other  conditions  mentioned  above. 

It  is  convenient  to  represent  atmospheric  refractive  conditions  in 
terms  of  vertical  profiles  of  modified  refractivity,  M,  which  is 
related  to  the  usual  refractive  index,  n,  as  follows: 

M  =  (n  -  1  +  z/ae)  X  106 

where  z  is  the  altitude  and  ae  is  the  physical  earth  radius.  Using 
this  quantity,  ducting  or  trapping  layers  are  immediately 
identified  as  regions  where  the  vertical  derivative  of  M  is 
negative.  In  contrast,  a  standard  atmosphere  exhibits  a  vertical 
M-gradient  of  +11 8/km. 

Surface  ducting  refers  to  any  refractive  condition  that  traps 
energy  (i.e.,  rays)  over  extended  ranges  in  proximity  of  the 
earth’s  surface.  There  are  two  basic  categories  of  surface 
ducting:  those  caused  by  evaporation  just  above  the  sea  surface, 
and  those  resulting  from  humidity  trapped  below  a  stable 
temperature  inversion.  In  this  paper,  the  former  will  be  referred 
to  as  evaporation  ducts  and  the  latter  termed  (rather  arbitrarily) 
surface-based  ducts. 

Evaporation  ducts  are  small  (typically  less  than  30  meters  high) 
but  persistent  features  of  the  marine  environment,  which  can 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  "Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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have  substantial  impacts  on  propagation  at  frequencies  above  1 
GHz.  These  ducts  are  rarely  determined  directly  via  standard 
methods  for  measuring  a  vertical  refractivity  profile  due  to  the 
statistical  nature  of  the  duct.  Rather,  evaporation  duct 
refractivity  profiles  are  typically  calculated  using  a  few  simple 
measurements  (e.g.,  air  temperature,  relative  humidity,  wind 
speed,  and  sea  surface  temperature)  in  a  meteorological  model 
(Refs.  17  and  18).  Although  accurate  characterization  of  the 
evaporation  duct  is  important,  this  study  will  focus  on  the 
surface-based  duct  as  this  condition  is  likely  to  have  more 
severe  data  resolution  requirements.  Future  work  will  address 
measurement  accuracy  and  resolution  requirements  for 
evaporation  duct  characterization. 

Surface-based  ducts  occur  when  a  stable  atmospheric  condition 
results  in  a  temperature  inversion  and  a  sufficient  amount  of 
water  vapor  is  trapped  below  that  inversion.  This  condition 
causes  a  rapid  decrease  in  refractive  index  with  increasing 
height  leading  to  waveguide-like  trapping.  It  is  also  possible  for 
a  stable  atmosphere  in  the  presence  of  higher-altitude  moisture 
to  cause  the  water  vapor  content  and  refractive  index  to  increase 
with  altitude,  resulting  in  extreme  subrefraction  (Ref.  19). 
Although  temperature  inversions  are  often  referred  to  as  the 
characterizing  feature  of  surface-based  ducts,  it  is  the  humidity 
gradient  that  dominates  microwave  refractivity. 

As  will  be  demonstrated  below,  surface-based  ducts  often 
exhibit  features  that  vary  rapidly  with  height,  and  important 
structures  may  occupy  only  a  small  height  region.  At  the  same 
time,  the  shape  and  height  of  refractive  structures  may  vary 
substantially  with  range,  particularly  in  coastal  regions.  Finally, 
refractive  conditions  can  change  rapidly  in  time,  either  due  to 
diurnal  variations  or  to  the  movement  of  weather  fronts.  These 
are  the  characteristics  that  will  drive  atmospheric  data  resolution 
requirements.  Measurement  requirements  in  surface-based 
ducting  conditions  will  be  the  subject  of  the  remainder  of  this 
paper,  although  discussion  of  temporal  variability  is  deferred  to 
future  papers. 

4.  REFRACTIVITY  DATA  BASE 

Since  1984,  JHU/APL  has  collected  thousands  of  atmospheric 
profiles  during  propagation  experiments  and  in  support  of  U.S. 
Navy  exercises.  The  majority  of  these  data  have  been  obtained 
using  a  civilian  helicopter  equipped  with  atmospheric  sensors 
which  collect  temperature,  pressure,  humidity  versus  altitude, 
and  a  dual-antenna  radar  altimeter  to  measure  altitude  accurately 
(Ref.  12).  Altitude  is  measured  accurately  using  a  dual-antenna 
radar  altimeter.  The  atmospheric  sensors  are  mounted  forward, 
under  the  nose  of  the  helicopter  in  a  reverse-flow  probe;  a 
minimum  forward  airspeed  of  1 10  km/h  has  been  determined  to 
be  sufficient  to  keep  the  probe  out  of  the  down-wash  from  the 
helicopter  rotor. 

During  experiments,  the  measurement  procedure  involves 
executing  helicopter  flights  along  the  propagation  path  between 
the  radiating  sensor  of  interest  and  the  receiver  or  calibrated 
reflector.  A  "sawtooth"  pattern  in  altitude  is  flown  with  data 
being  recorded  at  a  2-Hz  rate  on  each  descent.  This  data  rate, 
and  a  descent  rate  of  100  to  150  meters  per  minute,  results  in 
data  being  recorded  nominally  every  1  meter  in  altitude.  Also, 
profile  altitudes  of  150  to  450  meters  result  in  average  range 
separations  between  atmospheric  profiles  of  3.5  to  11  km.  Due 
to  possible  variabilities  in  time,  every  attempt  is  made  to  collect 
atmospheric  data  within  30  minutes  of  any  signal  measurement. 


5.  METHODOLOGY 

5.1.  Atmospheric  Data  Processing  and  Propagation 
Calculations 

Data  collected  in  the  above  manner,  when  used  in  conjunction 
with  evaporation  duct  information  and  propagation  and  system 
performance  models,  have  provided  excellent  agreement  with 
observed  signal  levels  and  system  performance  (e.g.,  Ref.  10). 
For  this  reason,  these  helicopter-acquired  atmospheric  data  will 
be  taken  as  the  baseline,  or  "ground  truth"  for  this  study.  This 
is  equivalent  to  assuming  that  the  helicopter  measurements  have 
sampled  the  atmosphere  on  a  fine  enough  grid  to  support  perfect 
reconstruction  of  propagating  signals.  Of  course,  reconstructions 
using  these  data  are  not  perfect  due  to  fine  scale  atmospheric 
fluctuations  and  temporal  variability,  but  analyses  of 
experiments  such  as  those  described  in  Refs.  10  and  11  have 
demonstrated  typical  low-altitude  signal  prediction  to  within  5 
dB  for  ranges  as  large  as  75  km. 

One  critical  step  in  generating  propagation  predictions  using 
measured  helicopter  data  is  the  use  of  an  atmospheric  data 
conditioning  algorithm  to  filter  out  small-scale  fluctuations  and 
construct  a  physically  reasonable  range-interpolation  between 
adjacent  refractivity  profiles.  The  algorithm  used  in  this  study 
is  called  LARRI  (Large-scale  Atmospheric  Refractivity  Range 
Interpolator),  and  it  is  described  in  more  detail  in  Ref.  10. 
LARRI  automatically  performs  the  following  steps:  (1)  smooths 
the  individual  refractivity  profiles,  (2)  extrapolates  to  the  surface 
and  to  a  user-specified  height  if  necessary,  (3)  fits  line  segments 
to  the  smoothed  profiles,  (4)  identifies  and  categorizes  profile 
structures,  (5)  finds  best  possible  match  of  refractivity  structures 
between  adjacent  profiles,  and  (6)  interpolates  between  profiles 
while  preserving  matched  structures.  LARRI  is  used  routinely 
in  the  analysis  of  test  data  to  prepare  helicopter  measurements 
for  use  in  propagation  models;  examples  illustrating  LARRI’ s 
operation  are  included  below. 

The  propagation  model  used  here  is  called  TEMPER 
(Tropospheric  Electromagnetic  Parabolic  Equation  Routine), 
which  is  based  on  the  Fourier  split-step  numerical  solution  of 
the  parabolic  wave  equation  (Refs.  5  and  6).  TEMPER  is  also 
a  routine  part  of  JHU/APL’s  post-test  analysis  procedure,  and 
has  been  extensively  validated  against  measured  data  and  other 
propagation  models.  Parabolic  equation  models,  such  as 
TEMPER,  are  the  only  models  that  have  thus  far  demonstrated 
robust  performance  in  complicated  range-varying  refractive 
environments. 

The  methodology  used  in  this  paper  is  to  choose  two  sets  of 
helicopter  data  collected  in  coastal  environments,  and  to  exercise 
LARRI  and  TEMPER  using  these  data;  this  establishes  a 
baseline  propagation  factor  for  a  hypothetical  radiating  system 
operating  in  the  chosen  environments.  Results  are  presented  for 
frequencies  of  3  and  10  GHz,  and  an  antenna  height  of  20  m, 
which  is  representative  of  many  shipboard  radiating  systems. 
The  study  focuses  on  altitudes  below  150  m  where  refractive 
effects  on  propagation  are  most  severe.  Although  propagation 
factor  results  vary  substantially  as  the  antenna  height  is  changed, 
resolution  discussions  using  the  20-m  antenna  results  are 
expected  to  be  valid  for  antenna  heights  between  10  and  50  m. 
Finally,  the  transmitting  antenna  was  arbitrarily  chosen  to  be 
located  at  the  position  of  the  farthest  refractive  profile  from 
shore  and  directed  toward  the  shore  along  the  helicopter 
measurement  path. 

Propagation  factor  results  at  these  frequencies  exhibit  sharp  nulls 
due  to  various  interference  phenomena,  including  multipath 
interference  from  surface  reflections,  and  interference  between 
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competing  modes  within  surface  ducts.  The  exact  location  and 
depth  of  these  nulls  is  very  sensitive  to  the  environment,  and 
differences  of  several  tens  of  dB  can  be  caused  at  a  given 
observation  point  by  slight  shifts  in  these  features.  The  authors 
do  not  consider  the  precise  prediction  of  these  interference 
features  to  be  important  for  most  applications  because  they 
occur  in  small  regions  of  space  and  are  likely  to  be  moving  in 
actual  environments.  The  nature  of  these  features  at  4.7  GHz 
can  be  examined  in  Ref.  11.  In  this  paper,  all  propagation 
factor  results  were  averaged  over  approximately  2  km  in  range 
and  15  m  in  altitude  prior  to  being  presented.  Thus,  every  point 
on  each  propagation  factor  curve  is  the  average  of  all  TEMPER 
data  in  a  2000-m  by  15-m  box  centered  on  that  point.  At  these 
frequencies,  TEMPER  typically  generates  results  on  a  200-m  in 
range  by  0.4-m  in  height  grid.  These  averaging  intervals  were 
chosen  to  remove  deep  interference  nulls  while  preserving  low- 
altitude  propagation  factor  features. 

5.2.  Chosen  Study  Cases 

As  previously  described,  a  helicopter  measurement  flight  results 
in  a  series  of  refractivity  profiles  in  a  vertical  plane.  When 
processed  by  LARRI  and  used  in  TEMPER,  "ground  truth" 
propagation  factors  are  produced  for  these  two-dimensional 
environments.  In  this  paper,  we  consider  sets  of  profiles 
measured  near  San  Nicolas  Island  off  the  coast  of  Southern 
California  on  19  March  1988  (Figure  1),  and  off  the  coast  of 
Norfolk,  Virginia  on  26  April  1994  (Figure  2).  The  rationale 
for  selecting  these  sets  of  profiles  is  that  they  provide  examples 
of  surface-based  duct  conditions  with  differing  characteristics  in 
two  different  coastal  regions.  The  Norfolk  data  involve  simple 
surface-based  ducts  with  moderate  heights  (100-150  m),  while 
the  San  Nicolas  profiles  exhibit  low  and  moderate  altitude  ducts 
(35-110  m)  with  a  significant  amount  of  structure.  Also,  both 
cases  show  considerable  lateral  inhomogeneity. 

5.3.  Vertical  and  Lateral  Resolution 

The  sensitivity  of  propagation  factor  predictions  to  measurement 
resolution  is  examined  by  manipulating  the  raw  atmospheric 
data  to  reduce  vertical  and  lateral  resolution,  and  subsequently 
repeating  LARRI  and  TEMPER  calculations.  The  "spoiled" 
results  are  then  compared  with  the  "ground  truth"  calculations 
to  determine  the  impact  of  the  simulated  degradation  in 
measurement  resolution.  The  lateral  resolution  is  degraded  by 
systematically  reducing  the  number  of  helicopter  profiles  used 
in  the  propagation  calculations.  As  the  limiting  case, 
calculations  were  made  using  a  single  profile  and  assuming  that 
the  atmosphere  is  laterally  homogeneous.  This  case,  of  course, 
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Figure  1.  Refractivity  profiles  collected  with  instrumented 
helicopter  near  San  Nicolas  Island,  California  on  19  March 
1988.  The  modified  refractivity  scale  for  the  first  profile  is 
shown. 
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Figure  2.  Refractivity  profiles  collected  with  instrumented 
helicopter  near  Norfolk,  Virginia  on  26  April  1994.  The 
modified  refractivity  scale  for  the  first  profile  is  shown. 


corresponds  to  making  a  single  in  situ  measurement  in  the 
vicinity  of  the  radiating  sensor. 

In  order  to  decouple  vertical  and  lateral  effects,  the  vertical 
resolution  sensitivity  is  examined  by  choosing  a  single  profile, 
assuming  this  profile  applies  at  all  ranges,  and  systematically 
removing  data  points  from  this  profile.  The  average  vertical 
resolution  of  the  raw  data  is  reduced  by  nominal  factors  of  10, 
30,  and  50  in  the  following  discussions. 

6.  RESULTS 

6.1.  San  Nicolas  Island  Measurements 

The  unprocessed  helicopter-based  refractivity  data  are  presented 
in  Figure  1  for  the  chosen  San  Nicolas  case.  For  a  given  height, 
measurements  are  separated  by  an  average  of  approximately  9 
km,  with  2  to  3  km  between  the  end  of  one  sounding  and  the 
beginning  of  the  next.  Figure  3  presents  the  smoothed  and 
interpolated  profiles  generated  by  LARRI  for  use  in  TEMPER 
for  the  San  Nicolas  Island  case;  the  blending  and  interpolation 
of  refractivity  structures  is  clear  in  this  figure.  LARRI 
generated  a  processed  profile  approximately  every  2  km.  The 
output  spacing  for  these  profiles  is  a  user-specified  parameter, 
which  is  generally  chosen  to  be  somewhat  smaller  than  the 
range  separation  between  measurements  to  avoid  losing 
information.  After  reading  in  the  LARRI-processed  profiles, 
TEMPER  performs  a  simple  interpolation  of  these  data  onto  its 
internal  calculation  grid,  which  is  typically  much  finer  in  both 
range  and  altitude. 

The  first  profile  of  Figure  1  exhibits  two  distinct  ducting  layers 


Figure  3.  The  San  Nicolas  Island  refractivity  data  after 
processing  by  LARRI. 
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at  35  m  and  110  m,  while  the  last  profile  shows  a  smooth  75-m 
surface  duct.  The  ranges  are  referenced  to  the  northwest  coast 
of  San  Nicolas,  from  which  location  the  helicopter  flew  in  a 
west-northwest  direction  at  a  heading  of  300  degrees  true.  The 
winds  at  the  time  of  this  measurement  were  out  of  the  north- 
northeast  at  4  m/s  resulting  in  a  crossing  wind  on  the  helicopter 
flight  path  and  no  appreciable  "shadowing"  due  to  San  Nicolas 
Island. 

6.1.1.  Vertical  Resolution  Results  (San  Nicolas  Island ) 

The  refractivity  profile  measured  between  59  km  and  65  km 
from  the  coast  of  San  Nicolas  (first  profile  in  Figure  1)  is 
chosen  as  the  single  profile  for  the  vertical  resolution 
calculations.  The  "baseline"  is  thus  generated  by  smoothing  this 
profile  with  LARRI  and  using  the  resulting  profile  at  all  ranges 
in  TEMPER.  The  average  vertical  spacing  between  helicopter 
data  over  the  first  150  m  of  the  sounding  is  0.6  m. 

Lower  resolution  measurements  were  simulated  by  retaining 
only  every  ith  (e.g.,  i=10,  30,  50)  measurement  from  the  original 
sounding,  and  repeating  the  LARRI  and  TEMPER  calculations 
with  the  modified  sounding.  Keeping  every  10th,  30th,  and  50th 
point  results  in  vertical  resolutions  of  6  m,  18  m,  and  30  m, 
respectively.  The  original  and  thinned  profiles,  after  smoothing 
by  LARRI,  are  plotted  in  Figure  4.  The  systematic  degradation 
of  the  original  data  is  evident,  with  only  the  6-m  case  being  a 
relatively  faithful  reproduction  of  the  0.6-m  profile.  The  profile 
with  30-m  resolution  is  a  weak,  100-m  surface  duct  that  exhibits 
none  of  the  structure  of  the  original  data. 

TEMPER  propagation  factor  calculations  were  performed  for 
each  of  the  profiles  in  Figure  4  using  a  20-m  antenna  height  and 
frequencies  of  10  GHz  and  3  GHz;  vertical  polarization  was 
chosen  arbitrarily  for  all  results,  but  the  polarization  has  no 
impact  on  the  resolution  study.  In  order  to  investigate  the 
effects  of  degrading  measurement  quality,  vertical  propagation 
factor  slices  were  examined  at  ranges  of  30  km  and  50  km,  and 
horizontal  slices  at  heights  of  30  m  and  100  m.  The  results  for 
the  10  GHz  frequency  are  shown  in  Figures  5  through  8. 
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Figure  4.  Full-  and  reduced-resolution  San  Nicolas  profiles 
beginning  with  profile  1  from  Figure  1  (after  LARRI 
processing). 


Figure  5.  10  GHz  propagation  factor  calculations  at  30  km 
using  the  San  Nicolas  profiles  of  Figure  4. 

At  30  km  range  (Figure  5),  the  propagation  factor  for  the 
original  profile  exhibits  a  fade  region  of  15  dB  or  more  between 
45  m  and  80  m.  This  is  essentially  the  altitude  region  between 
the  two  ducting  layers  in  the  refractivity  profile.  One  of  the 
reasons  this  region  has  less  relative  power  is  that  the  profile  is 
actually  subrefractive  between  40  and  70  m,  causing  rays  to 
rapidly  bend  up  and  out  of  this  area.  At  30  km  (Figure  5),  the 
30-m  resolution  results  show  very  little  structure  through  this 
region,  which  is  consistent  with  the  over-simplified  refractivity 
profile  in  Figure  4.  The  two  intermediate  resolutions  are 
deviating  from  the  baseline  by  5  to  10  dB  between  50  and  95  m 
at  30  km.  The  6-m  resolution  results  are  noticeably  better  than 
the  18-m  results  below  40  m. 


At  50  km  (Figure  6),  the  30-m  resolution  results  remain  poor  in 


Figure  6.  10  GHz  propagation  factor  calculations  at  50  km 
using  the  San  Nicolas  profiles  of  Figure  4. 
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Figure  7.  10  GHz  propagation  factor  calculations  at  30  m 

altitude  using  the  San  Nicolas  profiles  of  Figure  4. 


Figure  9.  3  GHz  propagation  factor  calculations  at  30  km  using 
the  San  Nicolas  profiles  of  Figure  4. 


the  35-120  m  region,  and  the  6-m  and  18-m  curves  are  in  poorer 
agreement  with  the  baseline  than  they  were  at  30  km.  A  15-dB 
error  is  observed  at  100  m  for  the  6-m  curve,  and  similar  errors 
are  noted  at  110  m  and  145  m  for  the  18-m  curve.  Due  to  the 
dominant  nature  of  the  lowest  ducting  layer,  and  the  fact  that 
the  antenna  is  below  the  top  of  this  layer,  all  of  the  results  are 
within  5  dB  below  25  m,  but  none  of  the  degraded-resolution 
results  are  providing  the  proper  behavior  as  a  function  of  height 
at  50  km. 

Based  on  Figures  5  and  6,  one  would  expect  reasonable 
agreement  between  all  results  at  30  m  and  much  poorer 
agreement  at  100  m.  This  expectation  is  borne  out  in  Figures 
7  and  8.  The  30-m  curve  is  remarkably  near  the  baseline  curve 


at  30  m,  and  in  fact  all  of  the  curves  stay  within  5  dB  of  the 
0.6-m  result  over  the  entire  range.  At  100  m,  however,  the  30- 
m  resolution  results  are  clearly  the  worst,  and  the  intermediate- 
resolution  results  also  degrade  beyond  25  to  30  km.  The  18-m 
resolution  curve  exhibits  an  error  of  10  dB  at  35  km,  and  the  6- 
m  curve  is  off  by  12  dB  at  50  km. 

The  above  calculations  and  comparisons  were  repeated  for  3 
GHz,  and  the  results  are  presented  in  Figures  9  through  12.  As 
would  be  expected  for  a  longer  wavelength.  Figures  9  and  10 
show  less  sensitivity  to  decreasing  resolution  than  did  Figures 
5  and  6.  At  both  ranges,  only  the  30-m  curve  deviated  from  the 
baseline  by  more  than  5  dB  over  a  significant  region. 


Range  (km) 


Figure  8.  10  GHz  propagation  factor  calculations  at  100  m  Figure  10.  3  GHz  propagation  factor  calculations  at  50  km 

altitude  using  the  San  Nicolas  profiles  of  Figure  4.  using  the  San  Nicolas  profiles  of  Figure  4. 
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Figure  11.  3  GHz  propagation  factor  calculations  at  30  m 

altitude  using  the  San  Nicolas  profiles  of  Figure  4. 

Interestingly,  the  horizontal  slice  at  30  m  in  altitude  (Figure  11) 
displays  somewhat  larger  deviations  from  the  baseline  for  the  6- 
m  and  18-m  resolution  cases  than  in  Figure  7,  with  both  curves 
showing  errors  larger  than  5  dB  over  range  intervals  of  2-5  km. 
These  errors  are  slowly  oscillating,  however,  and  are  never 
greater  than  10  dB.  At  an  altitude  of  100  m  (Figure  12),  the  6- 
m  resolution  curve  does  noticeably  better  than  the  18-m  curve, 
and  the  30-m  curve  has  the  poorest  agreement. 

6.1.2.  Lateral  Resolution  Results  (San  Nicolas  Island) 
Measurements  with  degraded  lateral  resolution  were  simulated 
by  using  a  decreasing  number  of  the  available  soundings  and 
repeating  LARRI  and  TEMPER  calculations  at  10  GHz  and  3 
GHz.  The  baseline  uses  all  eight  profiles  shown  in  Figure  1. 


Figure  12.  3  GHz  propagation  factor  calculations  at  100  m 
altitude  using  the  San  Nicolas  profiles  of  Figure  4. 


Figure  13.  10  GHz  propagation  factor  calculations  at  30  km 
using  various  lateral  resolutions  with  the  San  Nicolas  Island 
data. 


Referring  to  the  profile  numbers  in  Figure  1,  the  degraded 
resolution  cases  use  four  profiles  (1,  3,  5,  7),  three  profiles  (1, 
4,  7),  two  profiles  (1,  8),  and  profile  number  1  alone.  The 
corresponding  average  lateral  resolutions  are  8.5  km  (baseline), 
17  km,  25  km,  59  km,  and  none  (uniform).  Propagation  factor 
results  were  examined  at  the  same  range  and  altitude  locations 
as  before. 

The  10  GHz  results  are  presented  in  Figures  13  through  16.  At 
30  km,  the  uniform  curve  stands  out  as  being  in  the  poorest 
agreement  with  the  baseline,  with  10-20  dB  deviations 
everywhere  between  40  m  and  90  m.  However,  none  of  the 


Propagation  Factor,  dB 


Figure  14.  10  GHz  propagation  factor  calculations  at  50  km 
using  various  lateral  resolutions  with  the  San  Nicolas  Island 
data. 
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Figure  15.  10  GHz  propagation  factor  calculations  at  30  m 

altitude  using  various  lateral  resolutions  with  the  San  Nicolas 
Island  data. 


Figure  17.  3  GHz  propagation  factor  calculations  at  30  km 
using  various  lateral  resolutions  with  the  San  Nicolas  Island 
data. 


reduced-resolution  results  are  in  good  agreement  with  the 
baseline  since  they  are  all  "out  of  phase"  with  the  high- 
resolution  curve.  In  fact,  the  2-profile  curve  is  at  least  as  good 
as  the  3-  and  4-profile  results.  At  50  km  (Figure  14),  none  of 
the  lower-resolution  curves  are  in  reasonable  agreement  with  the 
baseline  above  30  m. 

Figure  15  presents  propagation  factor  versus  range  at  the  30-m 
altitude.  Although  none  of  the  lower-resolution  curves  are  way 
off,  except  perhaps  the  2-profile  case  beyond  40  km,  the  best 
agreement  is  observed  for  the  3-  and  4-profile  cases,  as  would 
be  expected.  At  an  altitude  of  100  m  (Figure  16),  agreement 


Range  (km) 

Figure  16.  10  GHz  propagation  factor  calculations  at  100  m 
altitude  using  various  lateral  resolutions  with  the  San  Nicolas 
Island  data. 


with  the  baseline  is  poor  for  all  the  cases  beyond  25  km. 
Regions  where  several  of  the  curves  agree,  such  as  at  36  km, 
appear  to  be  fortuitous  rather  than  significant. 

Figures  17  through  19  present  lateral  resolution  results  for  3 
GHz.  The  30-km  results  in  Figure  17  show  the  4-profile  cases 
providing  good  agreement  with  the  baseline  below  30  m  where 
deviations  of  less  than  5  dB  are  observed.  Similarly,  at  50  km 
(Figure  18),  the  17-km  resolution  case  shows  good  agreement 
below  30  m  and  above  90  m.  The  lower-resolution  curves 
exhibit  much  poorer  agreement  at  both  ranges.  The  range-slice 
at  30  m  altitude  (not  shown)  revealed  behavior  essentially 


Propagation  Factor,  dB 


Figure  18.  3  GHz  propagation  factor  calculations  at  50  km 
using  various  lateral  resolutions  with  the  San  Nicolas  Island 
data. 
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Range  (km) 

Figure  19.  3  GHz  propagation  factor  calculations  at  100  m 
altitude  using  various  lateral  resolutions  with  the  San  Nicolas 
Island  data. 


similar  to  that  of  previous  30-m  plots.  At  100  m  altitude 
(Figure  19),  however,  the  17-km  resolution  case  was  the  only 
one  to  show  good  agreement  with  the  baseline.  The  lower- 
resolution  curves  exhibited  deviations  of  5-15  dB  over  range 
intervals  of  many  kilometers,  with  no  indication  of  predicting 
range  trends  correctly. 

6.2.  Norfolk  Measurements 

Comparisons  of  the  type  just  described  have  also  been 
performed  using  the  helicopter  data  collected  near  Norfolk, 
Virginia  (Figure  2).  Twelve  soundings  were  performed  on  this 
particular  flight  with  the  average  spacing  between  soundings 
being  12  km.  The  ranges  shown  are  measured  from  the  coast 
near  Virginia  Beach.  Virginia  and  increase  in  a  southeast 
direction  (120  degrees  true).  The  surface  winds  were  out  of  the 
southwest  at  3  m/s,  resulting  in  an  off-shore  flow. 

The  refractivity  profiles  exhibit  substantial  lateral  variation, 
beginning  with  a  150-m  surface  duct  at  the  coast,  decreasing  to 
a  stronger  50-m  duct  at  50  km,  and  rising  back  up  to  150  m  by 
130  km.  The  two  profiles  farthest  from  the  coast  display  larger 
fluctuations  in  the  ducting  layer  than  the  closer  profiles 
indicating  an  increased  level  of  turbulence  in  this  region.  This 
was  a  common  feature  during  this  test  period,  and  suggests  that 
the  longer-range  measurements  may  have  been  reaching  warmer 
surface  water  associated  with  the  Gulf  Stream.  This  is 
consistent  with  surface  temperature  maps  for  this  region  on  26 
April  1994. 

6.2.1.  Vertical  Resolution  Results  ( Norfolk ) 

Profile  number  2  (Figure  2)  was  chosen  for  the  vertical 
resolution  study  due  to  its  classic  surface-based  duct  shape  and 
because  it  has  a  relatively  strong  refractivity  gradient  at  the  top 
of  the  ducting  layer.  As  was  the  case  with  the  San  Nicolas 
profile,  the  average  vertical  spacing  in  the  original  helicopter 
data  is  0.6  m.  Lower-resolution  measurements  were  simulated 
by  retaining  every  12th,  35th,  and  55th  point  to  obtain  effective 
data  resolutions  of  7.5  m,  21  m,  and  33  m,  respectively.  Figure 
20  presents  the  resulting  refractivity  profiles  for  these  cases. 
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Figure  20.  Full-  and  reduced-resolution  profiles  from  Norfolk, 
Virginia  beginning  with  profile  1  from  Figure  2  (after  LARRI 
processing). 

In  contrast  with  the  previous  example,  noticeable 
misrepresentation  of  the  original  profile  occurs  only  in  the  33-m 
resolution  case.  Coincidentally,  the  7.5-m  and  21-m  profiles 
each  have  a  point  very  near  the  original  duct  height  of  105  m. 
Because  this  is  a  coincidence,  one  must  allow  for  the  possibility 
that  two  points  separated  by  21  m  could  have  just  as  easily 
"straddled"  this  altitude  resulting  in  a  poorer  representation  of 
the  original  profile.  Nevertheless,  the  dominant  structure  in  this 
profile  is  considerably  larger  than  important  features  in  the  San 
Nicolas  Island  data,  and  it  is  reasonable  to  expect  that  the 
sensitivity  to  resolution  will  be  somewhat  less. 

Vertical  propagation  factor  comparisons  at  30  km  and  50  km  are 


Figure  21.  10  GHz  propagation  factor  calculations  at  30  km 
using  the  Norfolk  profiles  of  Figure  20. 


7-9 


Figure  22.  10  GHz  propagation  factor  calculations  at  50  km 
using  the  Norfolk  profiles  of  Figure  20. 

presented  in  Figures  21  and  22.  The  33-m  resolution  results  are 
clearly  the  worst  at  both  ranges.  Peak  deviations  at  30  km 
(Figure  21)  are  13  dB  and  12  dB  at  5  m  and  30  m  heights, 
respectively.  At  50  km  (Figure  22),  the  21-m  resolution  case 
shows  peak  deviations  of  5-15  dB  between  80  m  and  110  m. 
The  7.5-m  resolution  results  agree  very  well  with  the  full 
resolution  case  at  both  ranges. 

The  range-slices  at  altitudes  of  30  m  and  100  m  are  shown  in 
Figures  23  and  24.  In  Figure  23,  the  7.5-m  resolution  results 
agree  well  with  the  baseline,  but  both  the  21-m  and  33-m  results 
have  sizeable  regions  of  disagreement.  At  100  m  (Figure  24), 
the  7.5-m  and  21-m  curves  are  within  5  dB  and  10  dB  of  the 
baseline  curve,  respectively.  The  33-m  curve  shows  deviations 
as  large  as  20  dB. 


Range  (km) 


Figure  24.  10  GHz  propagation  factor  calculations  at  100  m 
altitude  using  the  Norfolk  profiles  of  Figure  20. 

The  above  calculations  were  also  repeated  for  a  frequency  of  3 
GHz;  results  are  shown  for  the  50-km  vertical  slices  and  the 
100-m  horizontal  slices  in  Figures  25  and  26,  respectively.  The 
agreement  for  the  7.5-m  and  21-m  curves  is  slightly  improved 
over  the  10  GHz  results,  but  the  33-m  curve  is  still  quite  poor. 
The  21-m  results  still  exhibit  deviations  above  5  dB  near  90  m 
in  Figure  25  and  near  45-50  km  in  Figure  26.  For  this 
particular  profile,  the  above  comparisons  indicate  that  the  7.5-m 
resolution  measurements  produce  good  propagation  factor 
predictions. 

6.2.2  Lateral  Resolution  Results  (Norfolk) 

Measurements  with  reduced  lateral  resolution  were  again 
simulated  by  making  calculations  using  subsets  of  the  available 


Figure  23.  10  GHz  propagation  factor  calculations  at  30  m  Figure  25.  3  GHz  propagation  factor  calculations  at  50  km 
altitude  using  the  Norfolk  profiles  of  Figure  20.  using  the  Norfolk  profiles  of  Figure  20. 
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profiles.  For  the  Norfolk  data,  cases  were  constructed  using  all 
twelve  profiles,  six  profiles  (1,  3,  5,  7,  9,  11),  three  profiles  (1, 
5,  9),  two  profiles  (1,  12),  and  profile  number  1  alone.  The 
corresponding  average  lateral  resolutions  are  12  km,  23  km,  48 
km,  129  km,  and  none  (uniform). 

The  lateral  resolution  results  at  10  GHz  and  3  GHz  are 
presented  in  Figures  27  through  32.  Since  the  first  and  last 
refractivity  profiles  are  separated  by  129  km,  vertical 
propagation  factor  cuts  are  examined  at  ranges  of  50  km  and  90 
km.  Surprisingly,  the  10  GHz  vertical  cuts  indicate  that  the  23- 
km  resolution  curve  (first  level  of  spoiled  resolution)  gives  the 
poorest  agreement  between  30  m  and  140  m  at  50  km  (Figure 
27)  and  between  40  m  and  170  m  at  90  km  (Figure  28).  This 


result  is  further  amplified  in  the  100-m  altitude  curves  in  Figure 
29  between  30  km  and  70  km  in  range.  This  unexpected  result 
arises  due  to  erroneously  efficient  ducting  that  occurs  for  this 
particular  subset  of  profiles  (i.e.,  1,  3,  5,  7,  9,  11).  Note  that 
100  m  in  altitude  is  just  above  the  duct  height  for  the  central 
group  of  profiles  in  Figure  2;  namely,  profiles  3  through  9.  If 
the  ducting  layer  descends  with  range  at  the  proper  rate, 
trapping  within  the  duct  can  be  very  efficient  and  propagation 
fading  above  the  duct  can  be  severe.  In  the  present  situation, 
removing  every  second  profile  results  in  more  efficient  trapping 
than  do  the  baseline  or  48-km  cases.  The  129-km  and  uniform 
cases  have  neglected  all  of  the  central  profiles,  which  have  the 
lower  duct  heights,  causing  the  100-m  altitude  to  be  below  the 
resulting  duct  height. 


Propagation  Factor,  dB  Range  (km) 


Figure  27.  10  GHz  propagation  factor  calculations  at  50  km  Figure  29.  10  GHz  propagation  factor  calculations  at  100  m 
using  various  lateral  resolutions  with  the  Norfolk  data.  altitude  using  various  lateral  resolutions  with  the  Norfolk  data. 
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Figure  30.  3  GHz  propagation  factor  calculations  at  50  km 
using  various  lateral  resolutions  with  the  Norfolk  data. 

Unlike  the  10  GHz  case,  the  3-GHz  results  (Figures  30  through 
32)  exhibit  the  expected  behavior  in  that  the  first  level  of 
spoiled  resolution  (23-km)  agrees  best  with  the  baseline.  In 
general,  the  3  GHz  curves  show  smaller  deviations  from  the 
baseline  as  the  resolution  decreases  than  do  the  10  GHz  results. 

7.  CONCLUDING  COMMENTS 

This  study  is  intended  only  to  be  the  beginning  of  an  effort  to 
quantify  the  sensitivity  of  propagation  predictions  to 
measurement  resolution.  However,  the  refractivity  data  used  in 
this  study  are  examples  of  an  important  class  of  refractive 
conditions;  namely,  laterally  inhomogeneous,  low-altitude 
surface  ducts.  The  importance  of  this  class  of  conditions  arises 
because  it  is  the  most  difficult  to  characterize  accurately,  and  it 


Figure  31.  3  GHz  propagation  factor  calculations  at  90  km 
using  various  lateral  resolutions  with  the  Norfolk  data. 


Range  (km) 

Figure  32.  3  GHz  propagation  factor  calculations  at  100  m 
altitude  using  various  lateral  resolutions  with  the  Norfolk  data. 


can  have  huge  impacts  on  the  performance  of  surface-based 
sensors  and  communication  systems.  Such  conditions  are  not 
unusual  in  coastal  regions,  and  many  more  examples  could  have 
been  presented  had  space  permitted. 

Based  on  10  GHz  propagation  in  the  March  19,  1988  San 
Nicolas  conditions,  one  would  conclude  that  to  maintain  a 
propagation  prediction  accuracy  of  5  dB  in  the  low-altitude 
region  requires  a  vertical  resolution  of  at  least  6  m,  and  a  lateral 
resolution  of  less  than  17  km.  The  Norfolk  example,  taken 
alone,  would  suggest  that  10  m  vertical  resolution  is  sufficient, 
but  that  lateral  resolution  of  17  km  or  less  is  again  required. 
Also,  the  3  GHz  results  were  somewhat  less  sensitive  to 
degrading  resolution  than  the  10  GHz  calculations.  Finally,  a  5- 
dB  criteria  may  be  too  strict  for  many  propagation  assessment 
applications;  if,  for  example,  it  is  only  necessary  to  predict 
propagating  signal  levels  to  within  15  dB,  the  resolution  can  be 
relaxed  considerably. 

As  borne  out  by  the  above  study  of  both  data  sets,  the  effects  of 
degrading  lateral  resolution  are  considerably  harder  to  predict 
based  on  intuition  than  are  those  associated  with  vertical 
resolution.  Depending  on  the  relative  locations  of  the  antenna 
and  trapping  layers,  the  propagation  factor  can  be  quite  sensitive 
to  the  rate  at  which  the  heights  of  layers  vary.  For  instance,  a 
slowly  rising  or  falling  ducting  layer  can  substantially  increase 
the  efficiency  of  trapping  energy,  causing  much  less  energy  to 
escape  or  "leak"  out  of  the  duct  (Ref.  20).  As  a  result  of  such 
effects,  conclusions  regarding  lateral  resolution  requirements 
must  be  made  carefully,  after  examining  many  types  of 
conditions  and  geometries. 

One  cannot  establish  atmospheric  data  resolution  requirements 
based  only  on  the  cases  presented  here  as  a  virtually  infinite 
combination  of  refractivity  structures  and  transmit  geometries 
are  possible.  If  the  San  Nicolas  conditions  happen  to  be  a 
severe  case,  then  one  would  like  to  know  the  probability  of 
encountering  such  conditions  before  establishing  an  atmospheric 
data  requirement  that  would  be  very  difficult  to  satisfy.  Many 
more  cases  need  to  be  examined  in  order  to  identify  the 
characteristics  of  conditions  that  require  higher  measurement 
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resolutions,  and  to  develop  some  confidence  that  the  full  range 
of  effects  that  can  be  encountered  has  been  examined.  Future 
work  will  address  these  issues,  as  well  as  the  issues  of  temporal 
variability  and  evaporation  duct  measurement  requirements. 
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DISCUSSION 


M.F.  LEVY 

Is  the  spatial  resolution  sufficient  to  achieve  accurate  results?  In  view  of  the  large  variability 
of  the  results,  would  it  be  sounder  to  assume  horizontal  homogeneity? 

AUTHOR’S  REPLY 

One  could  argue  that,  based  on  the  10  GHz  results,  the  lateral  resolution  in  the  helicopter  data 
is  still  insufficient.  However,  the  3  GHz  results  exhibit  better  behavior.  Historically,  3  GHz 
radar  performance  has  been  accurately  predicted  using  these  helicopter  data.  It  is  my 
expectation  that  10  GHz  signals  would  be  predicted  accurately  by  helicopter  measurements  of 
sufficient  lateral  resolution.  Whether  predictions  using  a  single  profile  are  sufficient  will  depend 
on  the  application.  In  any  case,  we  need  to  look  at  many  more  cases  before  drawing  general 
conclusions. 

J. H.  RICHTER 

Did  you  make  measurements  down  to  the  ocean  surface  and  include  evaporation  ducting  that  is 
important  for  the  10  GHz  propagation? 

AUTHOR’S  REPLY 

The  helicopter  sounding  typically  extended  down  to  3  meters  above  the  sea.  In  this  study,  the 
profiles  were  extrapolated  linearly  to  the  surface  and  evaporation  ducting  was  neglected.  Of 
course,  we  could  not  make  this  assumption  if  we  were  comparing  predictions  with  measured 
signals.  We  are  planning  to  investigate  environmental  data  requirements  for  evaporation  ducts 
in  the  future. 

K. D.  ANDERSON 

What  are  your  comments  regarding  degrading  significant  features  in  the  profiles  instead  of 
degrading  at  fixed  height  or  range  intervals? 

AUTHOR’S  REPLY 

With  regard  to  measurement  approaches,  we  were  assuming  direct-sounding  methods  which 
generally  have  uniform  vertical  spacing.  Other  remote  sensing  techniques  or  meteorological 
models  may  have  thresholds  associated  with  the  size  or  strength  of  atmospheric  features  that  can 
be  represented.  For  these  methods,  a  different  type  of  data  requirement  study,  such  as  you 
suggested,  might  be  more  appropriate. 
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1.  SUMMARY 

We  derive  non-local  boundary  conditions  for  use  with  PE 
methods  to  compute  the  coverage  diagram  of  surface  or 
airborne  sensors.  With  these  boundary  conditions,  the  PE 
integration  domain  can  be  truncated  in  height,  with  large 
savings  in  execution  times.  One  of  our  NLBCs  can  be  applied 
even  when  the  source  is  above  the  domain  of  interest:  this 
provides  an  efficient  tool  for  computing  the  coverage  diagram 
of  an  airborne  source.  The  truncated  PE  method  has  been 
validated  against  traditional  PE  techniques,  and  should 
provide  a  robust  and  fast  way  of  predicting  propagation 
effects  in  complex  environments  for  both  surface  and 
airborne  sensors. 

2.  INTRODUCTION 

Parabolic  equation  techniques  have  been  for  some  years  the 
dominant  tool  for  computing  coverage  diagrams  in  the 
presence  of  anomalous  refraction  [4,2],  More  recently,  PE 
techniques  have  been  generalized  to  the  case  where  irregular 
terrain  effects  are  present  as  well  [8,13,1].  Certainly  PE 
methods  are  an  ideal  tool  for  propagation  predictions  in  a 
coastal  environment,  since  they  can  cope  simultaneously  with 
the  effects  of  atmosphere  and  terrain. 

The  drawback  with  PE  methods  is  that  they  can  be 
computationally  intensive,  thus  limiting  their  usefulness  in 
operational  situations.  An  excellent  way  of  speeding-up 
computation  times  was  introduced  by  Hitney  [7]:  the  idea  of 
RPO  (Radio  Physical  Optics)  is  to  limit  the  use  of  the  PE  to  a 
domain  as  small  as  possible,  and  to  use  much  faster  ray-trace 
techniques  to  extend  the  solution  to  larger  heights  and  angles 
of  propagation.  Another  tool,  the  horizontal  parabolic 
equation  (HPE)  was  then  derived  [9,10],  giving  a  full-wave 
method  to  extend  the  PE  solution  to  large  heights. 

A  typical  coastal  situation  is  shown  in  Figure  1 :  an 
evaporation  duct  is  present  oversea,  and  terrain  variations 
must  be  taken  into  account  overland.  Above  height  H,  the 
propagation  medium  is  ‘standard’  (no  terrain  perturbations 
and  a  well-mixed  atmosphere). 
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Figure  1 .  Coastal  environment 


If  field  values  are  required  in  the  whole  domain  of  Fig.  1, 
they  can  be  computed  with  ‘pure’  vertical  PE  (VPE)  as 


shown  in  Fig.  2a,  but  for  large  domains  the  computing  times 
become  prohibitively  long.  It  certainly  makes  sense  to  reserve 
the  computer-intensive  vertical  PE  for  heights  below  H  and  to 
use  faster  techniques  above  to  extend  the  solution.  This  is 
shown  in  Figure  2b,  where  a  vertical  PE  algorithm  is  used 
below  H,  and  HPE  is  used  above.  This  can  be  combined  with 
RPO-type  methods  to  limit  the  use  of  the  PE  to  small 
propagation  angles. 


a.  Traditional  PE  method 


b.  Hybrid  PE  method 

Figure  2.  PE  methods 

Hybrid  techniques  already  provide  considerable 
improvements  in  execution  times.  However  they  work  by 
extending  a  previously  computed  solution,  which  up  to  now 
was  calculated  with  traditional  PE  algorithms.  This  is  the 
area  where  there  is  much  scope  for  improvement. 

In  this  paper  we  derive  novel  boundary  conditions  for  use 
with  PE  methods,  which  allow  very  efficient  calculations  for 
the  heights  below  H.  Figures  1  and  2  show  the  case  of  a 
source  below  H,  the  only  case  that  can  be  dealt  with  with 
traditional  PE  methods.  Our  new  techniques  can  also  be  used 
for  sources  above  H,  thus  providing  a  fast  tool  for  computing 
the  coverage  diagram  of  an  airborne  source. 

3.  NON  LOCAL  BOUNDARY  CONDITIONS 

All  PE  methods  need  the  specification  of  boundary  conditions 
at  the  top  and  bottom  of  the  integration  domain.  At  the 
ground/air  interface,  this  can  be  done  with  surface  impedance 
expressions.  The  problem  at  the  ‘sky’  boundary  of  the 
domain  is  that  it  must  represent  at  a  finite  distance  the  fact 
that  energy  radiates  outwards  to  infinity.  Until  recently,  PE 
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models  implemented  the  radiation  boundary  condition  by 
using  a  larger  domain  with  an  absorbing  upper  layer  (see 
Fig.  3a).  This  technique  has  two  major  drawbacks:  it 
introduces  parasitic  reflections  from  the  top  of  the  domain, 
and  it  increases  computation  times. 


H 


absorbing  layer 


a.  Traditional  PE:  local  BC  with  enlarged  domain 


b.  PE  with  NLBC  and  unchanged  domain 


Figure  3.  Boundary  conditions  for  PE  methods 

It  is  tempting  to  implement  directly  the  radiation  boundary 
condition  in  a  truncated  domain.  Attempts  to  do  this  failed 
until  it  was  realized  that  local  boundary  conditions  cannot  be 
adequate.  A  local  boundary  condition  only  involves  the  field 
and  its  derivatives  at  the  boundary  point  considered,  whereas 
a  non-local  boundary  condition  (NLBC)  also  involves  the 
field  and  its  derivatives  at  other  boundary  points.  It  turns  out 
that  perfectly  transparent  NLBCs  are  available  for  several 
propagation  problems,  allowing  the  solution  of  the  wave 
equation  on  a  truncated  domain  to  escape  the  domain  without 
any  parasitic  reflection.  Then  PE  integration  can  be  limited  to 
the  region  below  H,  which  contains  the  perturbations  of  the 
propagation  medium.  This  is  illustrated  in  Fig.  3b. 

The  key  is  of  course  the  non-locality,  which  takes  into 
account  the  global  nature  of  the  solution,  and  not  just  its  local 
properties.  In  the  parabolic  equation  frame  work,  the  NLBC 
at  a  given  range  involves  all  the  previous  ranges  (but  not 
subsequent  ranges,  hence  the  marching  character  of  PE 
solutions  is  preserved).  Fig.  4a  illustrates  the  traditional  local 
BC,  setting  the  field  to  zero  at  some  large  height  H,„,  which  is 
only  possible  by  inserting  an  absorbing  layer.  In  Fig.  4b,  the 
non-local  BC  at  a  given  range  depends  on  all  previous  ranges, 
and  does  not  require  an  artifical  absorbing  layer. 


H  u(xn,HJ  =  0 

m, _ _ 


absorbing  layer 

Xn 


a.  local  BC  at  range  x„ 


Perfect  boundary  conditions  for  a  truncated  domain  were  first 
derived  for  the  elliptic  wave  equation  [5].  In  1991,  Marcus 
introduced  an  NLBC  suitable  for  use  with  the  parabolic 
approximation  of  the  wave  equation  in  underwater  acoustics 
problems  [12].  This  NLBC,  that  we  shall  call  NLBC1,  was 
also  used  successfully  for  waterwave  and  radiowave 
applications  [3,13].  NLBC1  is  applicable  to  cases  where  the 
antenna  is  below  the  boundary,  and  the  refractive  index  is 
constant  above  the  boundary,  which  means  that  its  usefulness 
is  limited  in  radiowave  propagation  applications. 

New  work  by  the  author  has  provided  NLBCs  for  two 
important  cases: 

•  NLBC2:  antenna  located  below  the  boundary,  with  a 
linear  refractive  index  above  the  boundary. 

•  NLBC3:  antenna  above  or  below  the  boundary,  with  a 
constant  refractive  index  above  the  boundary. 

This  latter  NLBC  is  very  important  in  practice,  since  it  can  be 
used  for  fast  calculation  of  the  field  of  an  airborne  source. 
This  is  illustrated  in  Figure  5.  With  traditional  PE  methods, 
the  coverage  is  computed  by  brute  force,  in  a  domain  that 
extends  well  above  the  source  in  height  (Fig.  5  a).  With  an 
appropriate  NLBC,  integration  can  stop  at  height  H,  provided 
all  the  anomalous  refractive  index  features  and  of  course  all 
the  terrain  heights  are  below  H  (Fig.  5b).  The  energy  coming 
down  from  the  source  is  included  in  the  boundary  condition. 
This  NLBC  gives  large  improvements  in  execution  times, 
particularly  for  high  sources. 


absorbing  layer 


a.  Traditional  PE  method:  domain  must  include 
source  and  absorbing  layer 


exact  NLBC 


b.  PE  with  NLBC:  no  need  to  include  source 
for  low  altitude  coverage 

Figure  5.  PE  methods  for  high  altitude  source 

In  the  next  section,  we  outline  the  mathematical  derivation  of 
NLBCs. 


u(xn,H)  =  4>{u(x0,H),u(x1  u(xn ,H)} 

xo  x,  x2  x3  xn_,xn 

b.  NLBC  at  range  xn 


4.  MATHEMATICAL  BACKGROUND 

We  start  with  the  standard  parabolic  equation, 


d2u 

dz2 


+  2ik^-+k2(n2  -\)u  =  0 
ox 


0) 


Figure  4.  Local  and  non-local  BC. 


For  a  fixed  height  z,  let  U(p,z)  be  the  Laplace  transform  of 
u(x,z)  with  respect  to  range  x. 
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We  denote  by  <p(z)  the  field  at  zero  range.  If  the  refractive 
index  above  height  H  does  not  depend  on  range,  then  for  any 
z  greater  than  H  the  Laplace  tranform  U  satisfies 

^  2'{ P,z)  +  [likp  +  k2[n2  -l)Jf/(/?,z)  =  2il(p(z)  ® 

The  idea  is  to  solve  Eqn.  2  in  closed  form,  and  to  compute  the 
partial  derivative  in  z  of  the  solution  at  the  boundary  height 
H.  An  inverse  Laplace  transform  then  gives  the  required 
NLBC.  We  now  briefly  describe  the  three  NLBCs  mentioned 
in  the  previous  section. 

4.1.  Null  starter,  no  atmophere 

This  is  NLBC1,  which  was  first  derived  by  Marcus.  Assume 
that  the  refractive  index  is  constant  equal  to  1  above  H,  and 
that  tp  is  zero  above  H  (null  starter).  Then  the  bounded 
solution  of  equation  2  is 

U(p,z)  =  U(p,  //)ex  p((— 1  +  i)Jkp(z  -  H))  (3) 

Computing  the  partial  derivative  in  z  at  height  H,  we  find 

— {p,H)=(.-\  +  i)4k  pU{p,H)~^  (4) 

We  now  invert  this  expression  to  get 

<5> 

dz  \  7t  Jgdx 

Eqn.  5  can  be  discretized  as  in  [3],  and  the  resulting 
difference  equation  can  easily  be  incorporated  in  a  finite 
difference  scheme. 


4.2.  Null  starter,  linear  atmosphere 

We  now  use  the  Earth  flattening  transformation  which  allows 
us  to  work  with  much  more  convenient  coordinates:  z  is  now 
the  height  above  the  Earth  surface,  and  x  is  the  ground  range. 
Equations  1  and  2  are  still  valid  if  we  replace  n  with  the 
modified  refractive  index  m  =  n  +  z  / a,  where  a  is  the  Earth 
radius. 

We  assume  for  simplicity  that  m(H)  =  1.  Assume  that  m 
satisfies  for  z  greater  than  H: 


u(p,z)  =  u(p,H ) 


k2(m2{z)-l)  =  a(z-H) 


where  the  slope  a  is  positive.  In  fact,  the  derivation  is  still 
valid  when  m  is  piecewise  linear  provided  m  increases  with 
height  above  H.  Hence  this  technique  can  be  applied 
whenever  the  atmosphere  above  H  is  well-mixed,  taking  for 
a  twice  the  modified  refractive  index  slope  at  H. 

The  algebra  is  now  more  complicated,  as  the  solutions  of 
Eqn.  2  are  written  in  terms  of  Airy  functions. 

We  put  Wj  (z)  =  Ai^ze2’71  /3  j  and 

(  o  M/3  /  2  A— 2/3 

Cp(z)  =  -[otk  J  (z-H)-2ikp[ak  j  (7) 

If  we  assume  that  <p  is  zero  above  H,  the  bounded  solution  of 
Eqn.  2  is 


Wlfep(z)) 


As  before,  we  compute  the  partial  derivative  in  z  to  get 

M,  ,  (  2f)  ,  X(M«>)  (9) 

— {p,H)  =  -  otr  u{p,H)—f - - 

The  problem  is  now  to  find  the  inverse  Laplace  transform  of 

pWi(tp(H)) 

This  requires  knowledge  of  the  zeros  of  the  Airy  function  and 
of  its  growth  [14],  and  some  factorization  theorems  which 
allow  the  representation  of  the  Airy  function  as  an  infinite 
product  [15].  Skipping  the  mathematics,  we  find  that 

—{x,H)~  — (%,H)w{x-%)d% 

dz  J()dx 


where  the  function  w  is  given  by 


w(x)  =  -i—  £—  -U2) 
2  j-l  Pj  [  1 


1/3  Ai'(0) 
Ai(0) 


The  ^  pj  j  are  given  by 
/  ,  1/t  _ — iTi  16 

Pj=(u2k )  — —  aj  (12) 

where  the  [a are  the  zeros  of  the  Airy  function.  This  is 

NLBC2,  which  is  again  easy  to  incorporate  into  a  finite 
difference  scheme. 


4.3.  Arbitrary  starter,  no  atmosphere 

This  case  is  very  important,  as  it  allows  the  speedy 
calculation  of  coverage  diagrams  for  airborne  sources.  We 
start  again  with  Eqn.  2,  assuming  the  refractive  index  n  is 
equal  to  1  above  the  boundary  height  H.  This  time  we  have  to 
integrate  a  non-homogeneous  differential  equation.  We  shall 
not  give  the  derivation  in  detail  here  (it  can  be  found  in  [1 1]). 
It  involves  the  use  of  mathematical  tools  like  the  theory  of 
‘distributions’  (a  kind  of  generalized  functions)  [6], 

It  turns  out  that  when  the  starter  field  is  sufficiently  nice 
(which  is  always  the  case  in  practice),  the  following  NLBC 
holds: 

+  <13> 
dz  \nJ0dx 

+(1-,).(A  (Vu-h),*1’-"’2'2'* 


This  is  NLBC3.  This  is  perhaps  the  most  intriguing  of  the 
NLBCs  discussed  here:  the  coverage  diagram  at  heights 
below  H  can  be  computed  even  for  a  source  well  above  H  by 
carrying  out  the  PE  integration  on  heights  less  than  H  only. 
The  information  about  energy  coming  from  the  source  above 
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the  boundary  is  entirely  contained  in  the  Fresnel-like  integral 
term. 

5.  USE  OF  NLBCS 

In  this  section,  we  give  a  few  examples  of  the  use  of  PE 
models  with  NLBCs.  It  should  be  said  that  these  NLBCs  have 
only  been  implemented  very  recently,  and  that  the  algorithms 
are  by  no  means  optimized.  The  timings  given  here  already 
show  the  great  power  of  these  methods,  but  they  can  certainly 
be  improved.  In  what  follows,  TRUNCPE  (for  ‘truncated’  PE 
domain)  is  our  NLBC  implementation  of  the  finite-difference 
PE.  We  compare  results  with  a  split-step  PE  model  (PCPEM 
package.  Signal  Science  Ltd)  and  a  finite  difference  PE 
model  (FDPEM  package.  Signal  Science  Ltd).  All  the 
software  runs  on  a  PC  with  a  transputer  card. 

It  should  be  borne  in  mind  that  the  PCPEM  and  FDPEM 
timings  include  the  computation  of  results  up  to  altitudes 
well  above  the  source,  which  puts  them  at  a  disadvantage  if 
the  source  is  high  and  only  low  altitude  coverage  is  required. 
If  high  altitude  coverage  predictions  are  also  wanted,  some 
appropriate  HPE  method  is  needed  to  extend  the  TRUNCPE 
solution,  and  a  fair  comparison  should  add  HPE  execution 
times  to  the  TRUNCPE  ones. 

5.1.  Evaporation  duct  with  NLBC2 

We  start  with  an  example  of  the  use  of  NLBC2,  the  boundary 
condition  which  works  with  flattened  earth  coordinates.  We 
have  used  a  10  m  evaporation  duct,  and  a  10  GHz  antenna 
located  at  a  height  of  20  m.  The  domain  of  interest  is  100  km 
in  range  by  30  m  in  height.  Here  we  use  a  Gaussian 
beamshape  for  the  source,  with  a  beamwidth  of  0.2  degrees. 

Note  that  a  compromise  must  be  reached  between  a  large 
beamwidth,  for  which  the  aperture  is  small  and  the  initial 
field  negligible  above  30  m,  and  a  smaller  beamwidth  which 
allow  faster  PE  integration.  A  relatively  small  beamwidth  is 
usually  adequate  for  looking  at  ducting  effects.  If  higher  angle 
coverage  is  required,  a  hybrid  method  like  RPO  [7]  can  be 
used. 

Figure  6  shows  the  coverage  diagram  obtained  with 
TRUNCPE.  Note  that  the  boundary  is  perfectly  transparent, 
with  no  parasitic  reflections. 


Range  (Bn) 


Figure  6.  TRUNCPE  coverage  diagram  (10  m  duct) 

Figure  7  shows  a  comparison  of  path  loss  results  at  a  height 
of  20  m  between  PCPEM  and  TRUNCPE.  The  PCPEM 
results  have  been  offset  by  20  dB  for  legibility,  otherwise  the 


two  curves  are  practically  undistinguishable.  The  execution 
times  were  11  seconds  for  TRUNCPE  and  3  minutes  for 
PCPEM. 


Range  (km) 

Figure  7.  Path  loss  vs  range  comparisons  at  20  m 


5.2.  Vacuum  case  with  NLBC3 

Here  we  use  NLBC3,  which  assumes  the  refractive  index  is 
constant  above  the  boundary  (hence  flattened  Earth 
coordinates  cannot  be  used),  but  allows  the  source  to  be 
located  below,  on  or  above  the  boundary.  We  shall 
concentrate  on  sources  above  the  boundary,  since  this  is 
probably  the  most  interesting  case  for  operational  use.  Here 
we  have  a  3  GHz  source  located  at  a  height  of  500  m.  The 
domain  of  interest  is  200  km  by  30  m,  so  the  source  is  well 
above  the  boundary.  The  output  resolution  is  1  km  in  range, 
and  0.250  m  in  height. 

Figure  8  shows  the  TRUNCPE  coverage  diagram.  Note  how 
the  energy  enters  the  domain  of  interest  at  a  range  of  about 
30  km.  The  boundary  condition,  which  carries  the  source 
information,  allows  this  incoming  energy  to  be  well 
represented.  Again  the  boundary  condition  is  perfectly 
transparent.  It  should  be  noted  here  that  integration  could  in 
fact  start  at  any  range  less  than  about  30  km,  since  in  this 
case  the  field  and  its  derivatives  are  negligible  on  the 
horizontal  boundary  before  that  range. 


0  50  100  150  200 

Range  (km) 

Figure  8.  TRUNCPE  coverage  diagram  (Tx  at  500  m) 

Figure  9  shows  a  comparison  of  TRUNCPE  and  PCPEM  at 
range  100  km.  Again  the  PCPEM  results  have  been  offset  by 
20  dB  for  legibility.  The  timings  here  are  53  seconds  for 
TRUNCPE  and  10  minutes  for  PCPEM. 
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Path  loss  CdB) 


Figure  9.  Path  loss  vs  height  comparisons  at  100  km 

5.3.  X-band  examples  with  NLBC3 

Here  we  use  a  10  GHz  source  located  at  an  altitude  of  200  m, 
with  the  same  domain  as  in  the  previous  section.  In  order  to 
emphasize  that  NLBCs  may  be  used  with  arbitrary  refractive 
index  variations  below  the  boundary,  we  show  the  case  of 
vacuum,  and  a  ducting  case.  The  ducting  layer  is  between  0 
and  20  m,  with  a  strength  of  5  N-units.  Figures  10  and  11 
show  the  coverage  diagrams  for  these  two  cases. 


Path 

Loss 


dB 

15G 

160 

170 

180 


Range  (kn) 

Figure  10.  TRUNCPE  results  (Tx  at  200  m,  vacuum) 


Range  (kn) 


Figure  1 1 .  TRUNCPE  results  (Tx  at  200  m,  duct) 

Again  NLBC3  has  represented  adequately  the  energy  coming 
in  from  the  source  above,  and  has  no  difficulty  coping  with 
the  perturbations  due  to  the  duct.  Each  of  these  runs  took  63 
seconds.  It  should  be  emphasized  here  that  integration  times 
for  TRUNCPE  do  not  depend  on  source  height,  unlike  PE 
algorithms  with  local  boundary  conditions:  for  the  latter 
algorithms,  the  integration  domain  must  include  the  source, 


and  execution  times  depend  roughly  linearly  on  source 
height. 

5.4.  Irregular  terrain  example  with  NLBC3 

In  this  example  we  show  how  to  represent  the  Earth  with 
NLBC3:  since  we  are  constrained  by  the  fact  that  the 
refractive  index  must  be  constant  above  the  boundary,  we 
have  to  represent  the  Earth  explicitly.  We  can  include 
standard  atmospheric  effects  above  the  boundary  by  using  4/3 
Earth  coordinates.  There  is  no  problem  with  including 
irregular  terrain.  In  Figure  12,  we  have  used  a  3  GHz  source 
located  at  200  m  above  terrain  height.  This  is  a  coastal  path, 
with  land  starting  at  30  km. 


We  could  also  have  included  anomalous  refraction  effects:  the 
only  constraint  is  that  the  refractive  index  should  not  depend 
on  range  above  the  boundary.  This  is  easily  achieved  even  in 
a  range-dependent  environment  by  offsetting  the  refractive 
index  profiles.  This  corresponds  to  a  phase  offset  of  the  PE 
solution  on  each  vertical:  it  does  not  affect  the  field 
amplitude,  nor  the  relative  phases  on  each  vertical,  and  the 
absolute  phase  is  easily  retrieved  if  necessary. 

Figure  13  shows  path  loss  against  range  comparisons  at  a 
height  of  25  m  above  terrain,  between  TRUNCPE  and 
FDPEM.  The  FDPEM  results  have  been  offset  by  20  dB.  The 
slight  differences  are  due  to  the  fact  that  TRUNCPE  currently 
uses  a  fixed  range  step,  whereas  FDPEM  uses  an  adaptive 
range  step.  Execution  times  were  28  seconds  for  TRUNCPE 
and  5  minutes  for  FDPEM. 


Figure  13.  Path  loss  vs  range  (height  agl  25  m) 

This  approach  is  workable  for  relatively  short  paths,  but 
Figure  12  shows  that  the  integration  domain  can  become 
quite  large  for  long  paths,  because  of  the  large  changes  in  the 
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Earth  z-coordinate.  However  it  could  also  be  useful  for  high 
sources  and  long  paths  if  the  Earth  was  represented  with 
increasing  heights,  and  integration  was  started  at  the  range 
where  energy  reaches  the  domain.  Obviously  the  best  solution 
would  be  to  derive  an  NLBC  suitable  for  use  with  flattened 
Earth  coordinates  and  an  arbitrary  starter  field,  since  the 
integration  domain  could  then  be  limited  to  fixed  heights 
above  the  Earth  surface. 

6.  FUTURE  WORK 

There  is  still  some  work  to  be  done  in  optimizing  the 
implementation  of  the  various  NLBCs.  In  particular  we 
believe  that  greater  numerical  stability  can  be  achieved  in 
NLBC3  if  the  incident  field  is  decomposed  into  plane  waves, 
for  which  the  solution  can  be  expressed  exactly  in  terms  of 
Fresnel  integrals. 

However  the  most  important  remaining  problem  is  that  of 
finding  an  NLBC  valid  for  a  linear  atmosphere  and  an 
arbitrary  starter  field.  Indeed  this  would  allow  the  fast 
computation  of  low  altitude  coverage  for  airborne  sources, 
even  at  very  large  ranges.  Quite  complicated  holomorphic 
functions  are  involved  here,  but  there  is  quite  good  hope  of  a 
workable  solution. 

A  related  problem  is  that  of  extending  the  HPE  method  to 
deal  with  the  case  of  a  non-zero  starter.  Then  path  loss 
against  range  values  for  an  airborne  source  can  be  calculated 
at  higher  altitudes  of  interest  by  using  the  HPE  reconstruction 
method.  This  looks  straightforward  enough  for  the  constant 
case,  but  more  difficult  in  the  linear  case. 

7.  CONCLUSIONS 

We  have  derived  several  non-local  boundary  conditions  for 
use  with  PE  algorithms.  Their  main  property  is  that  they 
allow  ‘clean’  truncation  of  the  PE  integration  domain,  thus 
giving  large  execution  speed-ups.  An  important  application  is 
the  calculation  of  coverage  diagrams  for  airborne  sources,  but 
speed-ups  are  also  obtained  for  surface-based  sensors.  This 
paper  demonstrates  the  usefulness  of  NLBCs,  but  further 
work  is  required  to  reap  the  full  potential  of  these  methods. 
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SUMMARY 

Results  from  the  VOCAR  (variability  of  coastal 
atmospheric  refractivity)  experiment,  performed  in  the 
southern  California  coastal  area,  are  presented  and 
compared  with  a  terrain  parabolic  equation  model  called 
TPEM.  Both  homogeneous  and  range  dependent 
refractivity  environments  are  considered. 

1.  INTRODUCTION 

Much  emphasis  has  been  given  lately  to  radio  field 
prediction  in  coastal  environments.  Currently,  well 
established  propagation  models  exist  that  have  been 
shown  to  predict,  fairly  accurately,  radio  signals  over 
water  [1,  2,  3],  However,  in  a  coastal  environment, 
when  one  or  both  terminals  are  located  a  short  distance 
inland,  the  smooth  earth  assumption  that  these  models 
employ  fails  to  account  for  terrain  effects  on  these 
propagation  paths. 

An  experiment  was  performed  recently  along  the 
southern  California  coast  in  which  RF  signals  from 
military  and  civilian  Automatic  Terminal  Information 


Service  (ATIS)  transmitters  were  received  at  two 
locations  on  the  southern  California  coastline.  Some  of 
the  propagation  paths  were  entirely  over  water  while 
others  were  partially  over  land.  Many  of  the  inland 
transmitters  were  obstructed  by  very  high  cliffs  and/or 
mountainous  terrain  typical  of  the  California  coastline. 
Even  when  the  propagation  path  was  more  than  90% 
over  water,  predictions  based  on  a  smooth  earth 
assumption  fail  to  agree  with  measured  data. 

A  split-step  parabolic  equation  model  that  can  account 
for  terrain  effects,  called  TPEM,  has  been  previously 
described  [4,  5]  and  is  used  here  to  investigate  the 
signals  that  were  measured  from  transmitters  located 
several  kilometers  inland. 

2.  EXPERIMENT 

In  1993,  an  experiment  to  characterize  the  variability'  of 
coastal  atmospheric  refractivity  (VOCAR)  was 
performed  in  the  southern  California  coastal  area. 
Signals  from  14  military  and  civilian  transmitters 
located  along  the  coastline  between  San  Diego  and  Santa 


Figure  1.  Topographical  map  of  Southern  California  coastal  area 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments"  held  in  Bremerhaven,  Gennany  19-22  September  1994. 
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Barbara  were  constantly  being  measured  by  receivers  on 
the  coast  at  the  Naval  Command,  Control  and  Ocean 
Surveillance  Center,  Research  Development  Test  and 
Evaluation  Division  in  San  Diego  (NRaD)  and  at  the 
Naval  Air  Warfare  Center  Weapons  Division  in  Point 
Mugu  (NAWCWPNS).  Additional  transmitters  were 
placed  on  San  Clemente  Island  and  were  also  received  at 
San  Diego  and  Point  Mugu. 

During  an  intense  measurement  period  between  August 
23  and  September  3,  1993,  signals  were  constantly  being 
received  over  these  land/water  propagation  paths. 
Observations  taken  over  a  few  of  the  paths  will  be 
presented.  The  propagation  paths  and  the  surrounding 
area  are  shown  in  Figure  1.  The  topography  information 
shown  in  this  figure,  and  the  terrain  elevation 
information  used  by  TPEM  for  all  paths  discussed  in  this 
paper,  is  from  the  Digital  Terrain  Elevation  Data 
(DTED)  database  provided  by  the  Defense  Mapping 
Agency.  Both  receivers  at  NRaD  and  at  NAWCWPNS 
were  located  at  30.5  nt  above  mean  sea  level.  Below  is  a 
table  of  the  operating  frequencies  and  antenna  heights 
(above  mean  sea  level)  of  the  transmitters  located  inland. 


Location 

Frequency 
(MHz)  ’ 

Antenna 
Height  (m) 

Long  Beach  Airport 

127.75 

17.1 

John  Wayne  Airport 

126.0 

24.4 

San  Clemente  Island 

268.6 

66.7 

Table  1.  Location,  frequency,  and  antenna  heights  of 
ATIS  transmitters  shown  in  Fig.  1. 

Radiosondes  were  launched  approximately  4  to  5  times 
daily  at  North  Island  in  San  Diego,  Point  Mugu,  San 
Clemente  Island,  Camp  Pendleton  and  Point  Vicente. 

3.  RESULTS 

The  first  path  considered  is  that  from  San  Clemente 
Island  to  San  Diego.  Signals  were  received  from  a 
transmitter  located  at  the  Naval  Auxilary  Landing  Field 
(NALF)  on  the  island  approximately  two  kilometers 
inland.  A  small  mountain  peak,  roughly  137  m  high  and 
located  between  NALF  and  the  shore,  lay  in  direct  line 
from  the  transmitter  to  the  receiver  at  NRaD.  The 
propagation  path  is  127  km  long  and  although  most  of 
the  path  is  over  water,  the  presence  of  this  peak  created  a 
substantial  reduction  in  signal  received  at  San  Diego. 

Radiosondes  taken  at  North  Island  were  used  as 
refractivity  inputs  to  RPO  [3]  and  TPEM.  RPO  is  a 
hybrid  ray  optics/PE  model  that  assumes  smooth  earth 
and  does  not  account  for  terrain.  The  results,  along  with 
observations  for  the  ten  day  period  in  August  and 
September,  are  shown  in  Figure  2.  RPO  underestimated 
the  propagation  loss  by  roughly  20  dB  and  in  some 
instances,  by  as  much  as  40  dB,  whereas,  TPEM  showed 
very  good  agreement.  The  free  space  and  troposcatter 
thresholds  are  shown  for  reference.  The  troposcatter 


August-September  1993 


Figure  2.  TPEM  and  RPO  results  vs.  measurements  for 
San  Clemente  Island  to  San  Diego  path  using  North  Island 
soundings. 


threshold  was  determined  based  on  the  model  by  Yeh[6], 
Between  August  29  and  September  3  signal  levels  were 
generally  too  low  to  be  detected,  and  during  this  time 
period  TPEM  predicted  very  low  signal  levels. 

For  the  John  Wayne  Airport  to  San  Diego  propagation 
path  there  is  a  substantial  mountain  range,  roughly  300 
m  at  its  peak,  from  3  km  out  to  15  km  away  from  the 
transmitting  antenna.  The  remainder  of  the  path  is  over 
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Figure  3.  TPEM  and  RPO  results  vs.  measurements  for 
John  Wayne  to  San  Diego  path  using  Camp  Pendleton 
soundings. 
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Figure  4.  TPEM  and  RPO  results  vs.  measurements  for 
John  Wayne  Airport  to  Point  Mugu  path  using  Point 
Mugu  soundings. 

water  with  the  entire  path  being  123  km  long. 
Refractivity  profiles  measured  throughout  the  ten  day 
period  at  Camp  Pendleton  were  used  as  environmental 
inputs  to  RPO  and  TPEM.  A  comparison  of  their 
predictions  against  measured  data  is  shown  in  Figure  3. 

A  substantial  reduction  in  signal  level  due  to  the 
mountain  range  is  apparent.  Again,  RPO  underestimates 
the  losses  by  approximately  10  to  20  dB  while  TPEM 
shows  very  good  agreement.  The  diffraction  threshold  in 
this  case  was  determined  based  on  a  standard 
atmosphere  environment  over  the  same  terrain  path. 

Refractivity  profiles  measured  at  Point  Mugu  were  used 
for  the  two  propagation  paths  from  John  Wayne  Airport 
to  Point  Mugu  and  Long  Beach  to  Point  Mugu.  The 
terrain  path  from  John  Wayne  Airport  to  Point  Mugu  is 
roughly  129  km.  The  path  begins  over  the  Los  Angeles 
basin  area  and  the  remainder  of  the  path  is  over  water 
with  some  small  mountain  peaks  near  the  receiving  end 
at  Point  Mugu.  Figure  4  shows  RPO  and  TPEM  results, 
along  with  observations,  for  this  path.  The  terrain 
profile  did  not  consist  of  very  large  obstructions  and  was 
relatively  smooth,  with  most  terrain  elevation  features 
having  a  height  of  50  m  or  less.  One  would  expect  that  a 
smooth  earth  assumption  in  this  case  would  be  adequate 
and  that  results  from  RPO  would  be  in  close  agreement 
with  observations.  In  fact,  RPO  and  TPEM  results  differ 
by  only  5  to  10  dB.  However,  in  comparison  with 
measurements,  TPEM  still  gives  a  much  better  match  to 
the  data. 

The  path  from  Long  Beach  Airport  to  Point  Mugu,  a 
distance  of  100  km,  starts  with  fairly  smooth  terrain  but 
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Figure  5.  TPEM  and  RPO  results  vs.  measurements  for 
Long  Beach  to  Point  Mugu  path  using  Point  Mugu 
soundings. 

contains  some  high  coastal  mountain  peaks  near  the 
receiving  end  at  Point  Mugu.  Results  are  shown  in 
Figure  5.  Here  again,  the  presence  of  these  peaks  causes 
a  significant  reduction  in  received  signal.  TPEM  shows 
very  good  agreement  with  observations,  while  RPO 
differs  by  as  much  as  20  to  30  dB. 

Clearly,  for  all  of  the  propagation  paths  discussed  in 
Figs.  2-5,  the  terrain  had  a  significant  effect  on  the  field. 
The  smooth  earth  assumption  results,  given  by  RPO,  did 
not  adequately  model  what  was  observed.  Also,  since 
the  signal  levels  measured  were  usually  well  above 
troposcatter  and  diffraction  levels,  this  indicates  the 
refractivity  had  a  major  effect  on  the  field  as  well.  The 
refractivity  profiles  used  in  Figs.  2-5  were  taken  from 
one  site  only  and  were  either  at  the  receiving  end  of,  or 
midway  along,  the  path;  and  the  atmospheric 
environment  for  these  cases  was  assumed  to  be 
homogeneous.  Refractivity  measurements  were  taken  at 
more  than  one  location  along  each  path.  The 
atmosphere  can  change  drastically  at  land/sea  boundaries 
where  anamolous  conditions  are  attributable  to  very 
different  mechanisms  over  land  than  over  water.  How 
much  improvement,  if  any,  would  there  be  between 
predicted  and  measured  fields  if  range  dependent 
refractivity  environments  were  considered? 

Results  from  TPEM  for  the  San  Clemente  Island  to  San 
Diego  path  for  homogeneous  and  range  dependent 
environments  are  shown  in  Figure  6.  The  measured  data 
is  shown  as  a  solid  line  and  all  information  is  given  in 
terms  of  the  percentage  of  time  in  which  the  propagation 
loss  exceeds  the  abscissa  value.  The  North  Island  curve 
represents  results  from  TPEM  assuming  homogeneous 
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environments  based  on  soundings  at  North  Island  (this 
corresponds  to  Fig.  2).  Similarly,  the  San  Clemente 
Island  curve  represents  results  from  TPEM  assuming 
homogenous  environments  based  on  soundings  measured 
at  San  Clemente  Island.  Lastly,  soundings  from  both  of 
these  locations  taken  at  roughly  the  same  time  of  day  (no 
farther  than  30  minutes  apart)  were  used  for  the  range 
dependent  result.  The  results  given  by  the  San  Clemente 
Island  soundings  produced  the  best  agreement  with 
observations,  particularly  at  the  higher  loss  values.  In 
fact,  the  range  dependent  curve  gives  the  worst 
agreement  overall.  However,  as  mentioned  earlier, 
during  the  last  5  days  of  the  measurement  period,  signals 
could  not  be  detected.  Therefore,  large  discrepancies, 
specifically  at  the  higher  loss  values,  may  be  due  to  lack 
of  sufficient  samples. 

For  the  path  from  John  Wayne  Airport  to  San  Diego, 
results  from  homogeneous  environments  based  on  North 
Island  and  Camp  Pendleton  soundings  agreed  with 
measurements  just  as  well  as  those  using  the  range 
dependent  environments,  as  shown  by  Figure  7.  The 
range  dependent  environment  for  this  path  assumed 
horizontal  homogeneity  between  John  Wayne  Airport 
and  Camp  Pendleton  based  on  Camp  Pendleton 
soundings,  and  then  range  dependent  refractivity 
between  Camp  Pendleton  and  San  Diego  based  on  Camp 
Pendleton  and  North  Island  soundings. 

In  Figure  8,  results  using  range  dependent  environments 
gave  slightly  better  agreement  at  the  lower  loss  values 
for  the  John  Wayne  Airport  to  Point  Mugu  path.  All 
TPEM  results  were  computed  without  accounting  for 
troposcatter  losses,  therefore  one  would  expect  the  range 


dependent  curve  to  follow  more  closely  the  measured 
curve  at  the  higher  loss  values  when  troposcatter  is 
included.  The  two  curves  representing  homogeneous 
refractivity  based  on  Point  Vicente  and  Point  Mugu 
soundings  performed  equally  well,  though  they  do  not 
match  the  measured  data  very  closely  at  the  lower  loss 
values.  Here,  the  range  dependent  results  assumed 
horizontal  homogeneity  from  John  Wayne  Airport  to 
Point  Vicente  based  on  Point  Vicente  soundings,  then 
range  dependent  refractivity  from  Point  Vicente  to  Point 
Mugu  based  on  their  respective  soundings. 

Figure  9  shows  the  distribution  curves  for  the  Long 
Beach  to  Point  Mugu  path.  As  in  Fig.  8,  the  range 
dependent  result  assumed  horizontal  homogeneity  from 
Long  Beach  to  Point  Vicente,  then  treated  the 
environment  as  range  dependent  from  Point  Vicente  to 
Point  Mugu.  The  range  dependent  curve  shows  excellent 
agreement  at  the  lower  loss  values.  As  mentioned  earlier 
in  regards  to  Fig.  8,  closer  agreement  is  expected  at  the 
higher  loss  values  when  including  troposcatter  losses. 

In  Figs.  6-9,  the  assumption  of  a  homogeneous 
refractivity  environment,  using  whatever  soundings  were 
available,  gave  fairly  good  agreement  with  observations. 
For  three  of  the  four  propagation  paths,  little  difference 
is  seen  in  the  distribution  results  when  using  a  sounding 
midway  or  at  one  end  of  the  path.  Only  on  the  San 
Clemente  Island  to  San  Diego  path  (Fig.  6)  was  there 
much  better  agreement  when  using  soundings  from  San 
Clemente  Island  than  from  North  Island,  but  this  large 
discrepancy  may  be  due  to  insufficient  observation 
samples  during  the  last  5  days  of  the  meaurement  period. 
In  fact,  using  range  dependent  environments  based  on 
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Figure  8.  Distribution  for  John  Wayne  Airport  to  Point 
Mugu  path  for  homogeneous  and  range  dependent 
refractivities. 

the  available  soundings  along  the  path  did  not  produce 
any  substantial  improvements.  A  slight  improvement 
occurred  in  only  two  of  the  paths,  Figs.  8  and  9,  when 
using  range  dependent  refractivity  environments. 

4.  CONCLUSIONS 

It  has  been  shown  that  in  a  coastal  environment,  fields 
are  greatly  affected  by  the  presence  of  terrain  even  when 
propagation  paths  are  primarily  over  water.  Another 
major  effect  on  the  field  is,  of  course,  the  refractivity 
environment.  Horizontally  homogeneous  refractivity 
environments  based  on  soundings  taken  at  midway  and 
at  either  end  of  the  path  showed  good  agreement  with 
measured  data.  However,  attempting  to  describe  the 
atmosphere  as  accurately  as  possible  by  modeling  a 
range  dependent  environment  did  not  significantly 
improve  comparisons  with  observations.  While  it  is 
certainly  worthwhile  to  describe  the  atmosphere  as  well 
as  possible  when  soundings  are  available  along  the  path, 
one  is  not  at  a  great  disadvantage  to  rely  only  on 
soundings  taken  at  one  location  on  the  path. 
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DISCUSSION 


D.  DION 

Since  radiosonde  data,  that  were  used  for  describing  the  horizontal  inhomogeneity,  do  not 
provide  information  on  near-surface  conditions,  what  type  of  surface  profiles  were  assumed? 

AUTHOR’S  REPLY 

No  surface  refractivity  information  was  included,  such  as  evaporation  duct  measurements, 
because  the  frequencies  of  these  transmitters  are  too  low  for  the  evaporation  duct  to  have  any 
effect  on  the  propagated  field. 

J.  TURTON 

1 .  The  results  suggested  that  range  dependent  behavior  was  not  particularly  important  -  did 
the  meteorological  measurements  show  significant  range  dependent  behavior?  (That  probably 
explains  why  it  doesn’t  really  matter  whether  you  use  the  profile  at  the  transmitter  or  receiver 
end  in  the  calculations.) 

2.  Would  these  conclusions  hold  in  a  much  more  range  dependent,  inhomogeneous 
atmosphere? 

AUTHOR’S  REPLY 

1 .  Radiosonde  measurements  did  not  show  a  lot  of  range  dependent  behavior  indicating  the 
atmosphere  was  fairly  homogenous. 

2.  Not  necessarily  so.  The  main  emphasis  here  is  that  the  two  major  effects  are  terrain 
features  along  the  path  and  refractivity.  Even  if  the  atmosphere  were  varying  horizontally,  range 
dependency  would  probably  be  a  secondary  effect. 


10-1 


Modeling  Nonperfect  Reflection  from  the  Sea 
for  Range-Dependent  Ducting  Conditions 


Herbert  V.  Hitney 

Ocean  and  Atmospheric  Sciences  Division 
NCCOSC  RDTE  DIV  543 
53170  WOODWARD  ROAD 
SAN  DIEGO  CA  92152-7385 
USA 


SUMMARY 

This  paper  describes  an  approximate  method  to  account 
for  nonperfect  reflection  from  the  sea  that  uses  a  simple 
technique  to  modify  a  parabolic  equation  (PE)  model 
based  on  sine  fast  Fourier  transforms  (FFTs).  Although 
the  method  is  an  approximation,  it  gives  good  results 
compared  to  other  more  rigorous  models,  and  is  very 
efficient.  Comparisons  of  results  for  ducting  conditions 
that  are  homogeneous  with  range  using  the  approximate, 
waveguide,  and  mixed  transform  PE  methods  are 
presented  to  evaluate  the  approximate  method. 

The  approximate  method  is  easily  extended  to  range- 
dependent  ducting  and  roughness  conditions  likely  to  be 
encountered  in  coastal  environments.  To  evaluate  these 
cases,  a  comparison  is  made  of  approximate  method 
results  and  results  from  a  mixed-transform  PE  model  for 
vertical  polarization. 

1.  INTRODUCTION 

The  split-step  PE  method  has  proven  to  be  an  efficient 
and  accurate  radio  propagation  model  for  conditions 
where  the  vertical  refractive-index  profile  changes  with 
range  [1-3],  The  simplest  and  most  efficient  PE  models 
are  those  that  assume  perfect  reflection  from  the  lower 
boundary  and  are  based  on  sine  FFTs.  For  propagation 
over  the  sea,  these  models  give  outstanding  results  for 
horizontal  polarization  and  smooth  sea  conditions,  since 
there  is  virtually  perfect  reflection  from  the  sea.  For 
conditions  of  nonperfect  reflection,  such  as  for  vertical 
polarization  or  rough  sea  conditions,  these  sine-FFT  PE 
models  still  give  very  good  results  for  environmental 
conditions  that  do  not  include  surface  or  surface-based 
ducts.  For  these  ducting  conditions,  which  cause  a  strong 
interaction  between  the  trapping  and  reflecting 
mechanisms,  nonperfect  reflection  from  the  sea  becomes 
a  potentially  important  effect  which  is  not  accounted  for 
by  the  sine-FFT  PE  models. 

Hitney  [4]  has  proposed  an  approximate  method  to 
account  for  vertical  polarization  and  rough  surface 
effects  under  surface  ducting  conditions  by  using  a  slight 
modification  to  a  sine  FFT  PE  model.  This  modification 
adjusts  the  PE  calculation  with  a  boundary  loss  factor  at 
each  range  step,  where  the  loss  factor  is  determined  by 


the  reflection  coefficient  appropriate  to  the  polarization 
and  surface  roughness  for  the  maximum  grazing  angle 
trapped  in  the  duct.  This  method  was  developed  for 
integration  into  the  Radio  Physical  Optics  (RPO)  model 
[5],  RPO  is  a  range-dependent  over-water  hybrid  ray 
optics  and  PE  model  for  operational  propagation  assess¬ 
ment  systems  that  emphasizes  computational  efficiency. 

In  this  paper  a  waveguide  program  known  as  MLAYER 
(for  multi-layer,  since  it  accepts  multiple  levels  in  the 
refractivity  profile)  [6-7],  is  used  as  a  standard  or 
"ground  truth"  model.  Although  MLAYER  only  models 
horizontally  homogeneous  refractivity  profiles,  it  does 
treat  the  effects  of  nonperfect  reflection  from  the  lower 
boundary  in  a  theoretically  rigorous  manner  based  on  the 
Fresnel  reflection  coefficient  modified  for  surface 
roughness  by  the  Miller-Brown  model  [8],  This  model  is 
given  by 

R  =  Rq  exp[-2(2flg)2  ]  70  j^2(2^ )2  ]  (1) 

where  R  is  the  rough-surface  coherent  reflection 
coefficient,  R0  is  the  ordinary  Fresnel  reflection 
coefficient,  70  is  the  modified  Bessel  function,  and  the 
"apparent  ocean  roughness"  g  is  given  by 

g  =  (<yh  sin  y/)/X  (2) 

where  ah  is  the  standard  deviation  of  the  sea-surface 
elevation,  tg  is  the  grazing  angle,  and  X  is  the 
electromagnetic  wavelength.  The  relationship  of  nh  to 
wind  speed  is  derived  from  the  Phillips’  saturation  curve 
spectrum  [9]  and  is  given  by 

ah  =  0.0051  u2  (3) 

where  u  is  wind  speed  in  meters  per  second. 

The  approximate  method  was  developed  based  on 
observations  that  results  from  MLAYER  could  be 
matched  by  results  from  a  slightly  modified  PE  model. 
The  modification  consists  of  multiplying  the  magnitude 
of  the  lowest  field  point  in  the  PE  model  by  a  boundary 
loss  factor  B  between  0  and  1  immediately  prior  to  each 
PE  range  step  calculation.  For  example,  Figure  1  shows 
results  from  the  MLAYER  waveguide  model  for  a  24-m 
evaporation  duct  environment  described  in  Table  1.  The 
frequency  is  9  GHz,  the  transmitter  height  is  25  m,  and 
the  range  is  500  km.  Figure  1  shows  propagation  loss 
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Figure  1.  MLAYER  results  for  the  24-m  evaporation 
duct  of  Table  1.  Frequency  is  9  GHz,  transmitter  height 
is  25  m,  and  range  is  500  km. 


Height  (m) 

M  units 

0.000 

0.00 

0.135 

-20.40 

0.223 

-21.89 

0.368 

-23.37 

0.607 

-24.84 

1.000 

-26.29 

1.649 

-27.71 

2.718 

-29.08 

4.482 

-30.35 

7.389 

-31.49 

12.182 

-32.39 

20.086 

-32.90 

24.000 

-32.95 

33.115 

-32.78 

54.598 

-31.59 

90.017 

-28.66 

148.413 

-22.86 

Table  1.  Profile  of  modified  refractivity  in  relative 
M  units  versus  height  for  a  24-m  evaporation  duct. 

versus  receiver  height  for  both  horizontal  and  vertical 
polarization  over  a  smooth  sea  and  for  vertical 
polarization  with  10  m/s  and  20  m/s  wind.  Rough 
surface  cases  for  horizontal  polarization  result  in  loss 
values  a  few  dB  less  than  the  vertical  polarization  cases 
shown.  Figure  2  shows  results  from  RPO  utilizing  the 
four  boundary  loss  factors  indicated.  It  is  clear  that  a 
suitable  boundary  loss  factor  can  be  found  that  simulates 
the  waveguide  results.  Many  similar  cases  of  surface 
ducts  have  been  tried  with  comparable  results. 

In  the  previous  paper  [4]  the  model  development  was 
described,  and  one  independent  homogeneous  test  case 
was  analyzed.  Model  results  were  also  compared  with  a 
three  week  time  series  of  propagation  loss  measurements 
at  37  GHz  over  a  fixed  path  characterized  by  variable 
evaporation  duct  heights  and  wind  speeds.  These  results 
showed  that  RPO  with  the  roughness  model  matched  the 
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Figure  2.  RPO  results  for  various  boundary  loss  factors 
B  for  the  same  conditions  as  Figure  1. 


measurements  much  better  than  RPO  without  the 
roughness  model,  especially  for  high  wind  speed  cases. 

This  paper  builds  on  the  previous  work  and  analyzes  one 
more  independent  homogeneous  case  and  one  range- 
dependent  environment.  The  ability  of  this  approximate 
model  to  work  in  range-dependent  environments  is 
important  for  coastal  applications,  where  either  the 
refractivity  profile  or  the  surface  roughness  is  likely  to 
change  along  the  propagation  path.  The  mixed  sine  and 
cosine  FFT  PE  model  TEMPER  [10]  (version  1.0 A)  is 
used  here  as  a  "ground  truth"  model  for  range-dependent 
environments.  The  treatment  of  vertical  polarization  in 
TEMPER  is  based  on  theoretically  rigorous  methods  and 
is  hence  assumed  correct.  Since  the  version  of  TEMPER 
used  here  does  not  include  rough  surface  effects,  the 
analysis  of  range-dependent  effects  is  limited  to  smooth 
sea  conditions. 

2,  MODEL 

The  modification  for  nonperfect  reflection  multiplies  the 
magnitude  of  the  lowest  field  point  in  the  PE  model  by  a 
boundary  loss  factor  B  immediately  prior  to  each  PE 
range  step  calculation.  The  semi-empirical  relationship 
for  B  developed  in  [4]  is  given  by 

B=Kfls""  <«> 

where  R  is  the  Fresnel  reflection  coefficient  from  (1),  y/ 
is  the  maximum  grazing  angle  that  can  be  trapped  by  the 
surface  duct,  Sx  is  the  PE  range  step,  and  xs  is  the  skip 
distance  of  a  ray  with  grazing  angle  y/  in  the  duct.  The 
coefficient  131  was  determined  by  an  iterative  process  to 
best  match  results  from  MLAYER.  The  maximum 
grazing  angle  is  computed  from  ray  optics  theoiy  using 

y/  =  yj2xlO~6(M0-Mm)  (5) 

where  M0  is  the  modified  refractivity  at  the  surface  and 
Mm  is  the  minimum  modified  refractivity  on  the  profile. 
The  skip  distance  is  computed  using  a  simple  ray  trace 
procedure  on  each  linear  modified  refractivity  segment 
of  the  profile. 
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3.  RANGE  INDEPENDENT  ENVIRONMENT 

The  model  was  applied  to  several  range-independent,  or 
homogeneous,  surface  ducting  environments  that  are 
independent  of  the  environments  used  to  develop  the 
model  to  further  evaluate  its  ability  to  simulate 
nonperfect  reflection.  Many  cases  that  were  tried  were 
inconclusive,  since  vertical  polarization  or  rough  surface 
results  did  not  substantially  differ  from  the  horizontal 
polarization  smooth  sea  case  for  any  of  the  models.  One 
case  that  did  show  a  substantial  difference  is  a  12-m 
evaporation  duct  described  in  Table  2.  The  case  studied 
is  for  12  GHz  with  an  antenna  height  of  10  m  and  a 
maximum  range  of  250  km.  Figure  3  shows  propagation 
loss  versus  receiver  height  from  the  MLAYER  program. 
Figure  4  shows  the  corresponding  results  from  RPO  with 
the  modification.  A  comparison  of  these  two  figures 
shows  that  RPO  matches  MLAYER  well  for  vertical 
polarization  over  a  smooth  sea  and  vertical  polarization 
with  10  m/s  of  wind.  However,  RPO  underestimated  the 


Height  (m) 

M  units 

0.000 

0.00 

0.068 

-9.16 

0.112 

-9.91 

0.184 

-10.65 

0.303 

-11.38 

0.500 

-12.11 

0.824 

-12.81 

1.359 

-13.50 

2.241 

-14.14 

3.695 

-14.71 

6.091 

-15.16 

10.043 

-15.41 

12.000 

-15.43 

16.558 

-15.35 

27.299 

-14.76 

45.009 

-13.29 

74.207 

-10.39 

Table  2.  Profile  of  modified  refractivity  in  relative 
M  units  versus  height  for  a  12-m  evaporation  duct. 


Figure  3.  MLAYER  results  for  the  12-m  evaporation 
duct  of  Table  2.  Frequency  is  12  GHz,  transmitter  height 
is  10  m,  and  range  is  250  km. 


Figure  4.  RPO  results  for  the  12-m  evaporation  duct. 
Frequency  is  12  GHz,  transmitter  height  is  10  m,  and 
range  is  250  km. 


loss  by  about  10  dB  compared  to  MLAYER  for  vertical 
polarization  and  20  m/s  of  wind.  Figure  5  shows 
TEMPER  results  for  this  same  case  for  vertical  and 
horizontal  polarization  over  a  smooth  sea.  These  results 
are  virtually  identical  to  the  MLAYER  and  RPO  results 
shown  in  Figures  3  and  4. 


Figure  5.  TEMPER  results  for  the  12-m  evaporation 
duct.  Frequency  is  12  GHz,  transmitter  height  is  10  m, 
and  range  is  250  km. 


One  of  the  cases  from  which  equation  (4)  for  B  was 
derived  also  shows  some  error  in  accurately  accounting 
for  rough  surface  effects.  This  case  is  the  46-m  surface 
duct  described  by  Table  3  for  a  frequency  of  10  GHz 
with  a  transmitter  height  of  25  m  and  a  range  of  500  km. 
Figure  6  shows  the  MLAYER  results  for  this  case  and 
Figure  7  shows  the  corresponding  RPO  results.  A 
comparison  of  these  figures  shows  the  RPO  model  to  be 
working  well  for  vertical  polarization  over  a  smooth  sea, 


Height  (m) 

M  units 

0.0 

350.000 

45.7 

334.677 

1524.0 

506.710 

Table  3.  Profile  of  modified  refractivity  in  M  units 
versus  height  for  a  46-m  surface  duct. 
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Figure  6.  MLAYER  results  for  the  46-m  surface  duct  of 
Table  3.  Frequency  is  10  GHz,  transmitter  height  is 
25  m,  and  range  is  500  km. 


Figure  7.  RPO  results  for  the  46-m  surface  duct. 
Frequency  is  10  GHz,  transmitter  height  is  25  m,  and 
range  is  500  km. 


but  it  overestimates  the  loss  for  the  10  m/s  wind  case, 
and  is  also  in  error  at  some  altitudes  for  the  20  m/s  wind 
case. 

In  both  of  the  previous  cases,  and  many  other  cases  tried 
but  not  reported  on,  the  RPO  boundary  loss  model 
performed  well  for  vertical  polarization  over  a  smooth 
sea.  In  all  of  these  cases  the  reflection  coefficient  R  is 
between  0.9  an  1.0.  For  the  rough  surface  cases,  where  R 
can  be  as  low  as  0.1,  the  performance  is  not  as  good, 
although  the  trends  with  increasing  wind  speed  are 
certainly  correct. 

4.  RANGE  DEPENDENT  ENVIRONMENT 
To  test  how  well  the  RPO  boundary  loss  method  works 
in  range  dependent  environments,  several  comparisons 
were  made  to  the  TEMPER  model  for  both  horizontal 
and  vertical  polarization  over  a  smooth  sea.  Similar  to 
the  range  independent  cases,  it  was  difficult  to  find  test 
cases  that  showed  substantial  differences  between  the 
two  polarizations,  from  which  a  conclusion  could  be 
drawn.  One  case  tried  that  does  show  a  moderate 
difference  is  an  evaporation  duct  that  increases  from  12 


to  24  meters  over  a  range  of  100  km.  The  modified 
refractivity  profiles  are  those  described  in  Tables  1  and 
2.  Both  TEMPER  and  RPO  interpolate  the  heights  and 
modified  refractivity  values  linearly  with  range  between 
specified  profiles.  The  frequency  is  9  GHz,  the 
transmitter  height  is  25  m,  and  the  range  is  100  km. 
Figure  8  shows  the  results  from  TEMPER  and  Figure  9 
shows  the  results  from  RPO.  Both  models  give  nearly 
equal  results,  and  show  vertical  polarization  to  result  in 
about  3  dB  greater  loss  than  the  horizontal  polarization 
case.  Also  shown  in  these  two  figures  are  the  results  for 
the  vertical  polarization  case  for  a  homogeneous 
environment  which  assumes  the  12-m  evaporation  duct 
at  all  ranges.  Clearly,  the  effects  of  range  dependency 
are  far  greater  than  the  polarization  effects  for  this 
example.  RPO  also  matched  the  TEMPER  results  for 
this  homogeneous  case  very  well. 


Figure  8.  TEMPER  results  for  the  range-dependent  12- 
to  24-m  evaporation  duct.  Frequency  is  9  GHz, 
transmitter  height  is  25  m,  and  range  is  100  km. 


24-m  evaporation  duct.  Frequency  is  9  GHz,  transmitter 
height  is  25  m,  and  range  is  100  km. 

5.  CONCLUSIONS 

Based  on  comparison  to  more  rigorous  models,  the 
approximate  method  appears  to  work  very  well  for 
vertical  polarization  and  reasonably  well  for  surface 
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roughness.  In  addition,  the  method  seems  to  work  well 
in  range-dependent  environments.  Although  more 
extensive  testing  should  be  performed,  it  is 
recommended  that  this  model,  or  a  similar  one,  be 
permanently  incorporated  into  RPO. 
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DISCUSSION 


M.F.  LEVY 

How  is  the  skip  distance  calculated  in  range-dependent  environments? 

AUTHOR’S  REPLY 

The  skip  distance  is  computed  based  on  the  range-dependent  vertical  refractivity  profile. 
However,  this  profile  is  considered  to  be  locally  range-independent  for  this  computation. 
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SUMMARY 

In  this  paper,  a  site-specific  approach  is  presented  to  characterize 
terrain  and  target  visibility  and  terrain  clutter  as  seen  by  a 
shipboard  radar  in  a  coastal  environment.  The  method  takes  into 
account  the  location  of  the  ship,  the  particular  terrain  topography, 
the  radar  parameters,  and  the  propagation  effect.  The  method 
incorporates  refractive  index  models  of  the  atmosphere 
surrounding  the  radar,  an  optical  ray-trace  model,  an 
electromagnetic  parabolic  equation  model,  and  a  data  base  of 
terrain  elevations.  The  model  can  simulate  illumination  and 
shadow  regions  of  both  surface  clutter  and  elevated  targets. 
Simulated  clutter  results  are  shown  to  compare  favorably  with 
clutter  data  measured  at  S-band.  This  correspondence  is  evident 
in  geographic  patterns  and  statistical  distribution  of  clutter  on 
directly  illuminated  terrain  surfaces. 

1.0  INTRODUCTION 

A  ship-board  radar  in  a  coastal  region  is  subject  to  complications 
not  encountered  in  the  open  ocean.  These  complications  include 
terrain  shadowing  of  air  targets  over  land,  and  clutter  returns 
from  terrain.  Terrain  shadowing  occurs  in  geographic  patterns 
dictated  by  specific  terrain  contours,  resulting  in  regions  of 
attenuated  radar  signal  strength  that  can  compromise  detection 
and  tracking.  Terrain  clutter  can  obscure  a  target's  signal,  even 
when  it  is  not  in  shadow,  and  even  when  the  clutter  is  at  a  range 
distant  from  the  target.  Both  terrain  shadowing  and  clutter  are 
significantly  affected  by  the  characteristics  of  electromagnetic 
propagation,  which  can  be  quite  complicated  in  the  coastal 
region. 

Existing  models  for  land  clutter  are  typically  empirical  ones.  For 
instance,  tables  and  empirical  formulas  are  available  in  which 
reflectivity  for  generic  types  of  terrain  is  related  to  various  radar 
parameters  [1]  -  [6].  Typically  some  statistical  measure  is  given, 
such  as  mean  or  median  reflectivity  (<70),  often  along  with 
parameters  of  some  statistical  model.  Such  models  suffer  from  a 
number  of  deficiencies.  These  deficiencies  include  inability  to 
account  for  site-specific  terrain  features,  geographic  patterns  of 
clutter,  propagation  conditions,  or  target  shadowing.  Other 
researchers  have  developed  models  that  account  for  site-specific 
terrain  features  [7],  [8],  but  these  models  fail  to  account  for 
arbitrary  propagation  conditions,  and  do  not  represent  target 
shadowing. 

The  model  described  here  overcomes  these  deficiencies. 

Features  of  the  model  include  3-D  refractive  index  specifications, 
an  optical  ray-trace  model,  an  electromagnetic  parabolic  equation 
model,  and  a  data  base  of  terrain  elevations  known  as  DTED 
(Digital  Terrain  Elevation  Data),  which  is  published  by  the 
Defense  Mapping  Agency.  The  data  base  provides  terrain 
elevations  on  a  100  m  grid  for  much  of  the  earth's  land  mass. 

The  model  can  accept  refractivity  inputs  that  vary  in  three 
dimensions,  if  such  detailed  data  is  available.  Alternatively,  a 
single  profile  of  refractive  index  versus  altitude  may  be  used  to 
represent  a  uniformly  stratified  atmosphere,  i.e.,  a  condition  in 
which  the  refractive  index  versus  altitude  is  constant  over  the 
radar  coverage  area. 

The  terrain  effects  model  is  presently  configured  with  varying 
levels  of  complexity  and  fidelity.  A  "Terrain  Visibility  Routine" 
(TEVIR)  calculates  regions  of  the  terrain  or  of  the  air  space 


above  the  terrain  that  is  subject  to  direct  illumination  by  the 
radar.  TEVIR-I  performs  such  calculations  for  an  atmosphere 
characterized  by  a  linear  refractivity  profile,  of  which  the 
standard  atmosphere  is  a  specific  case.  TEVIR-I  performs 
calculations  using  calculations  of  straight  line  ray  trajectories 
over  a  round  earth  having  an  equivalent  earth  radius  dictated  by 
the  refractivity  slope.  In  the  case  of  the  standard  atmosphere,  the 
equivalent  earth  radius  is  a  factor  of  1.33  greater  than  the  true 
earth  radius.  TEVIR-II  can  use  arbitrary  refractivity  profiles, 
which  can  include  profiles  that  vary  in  both  range  and  azimuth 
from  the  radar  location.  TEVIR-II  makes  use  of  an  optical  ray- 
trace  routine.  A  third  variant  called  the  RADSCAT  (Radar 
Scattering)  model  determines  propagation  effects  using  an 
electromagnetic  parabolic  equation  method.  This  method 
involves  a  full-wave  calculation  of  the  total  electromagnetic 
field.  The  parabolic  equation  is  numerically  solved  in 
RADSCAT  by  the  Fourier  Split-step  method,  using  the  computer 
model  known  as  TEMPER  developed  at  the  Johns  Hopkins 
Applied  Physics  Laboratory  [9],  [10].  The  RADSCAT  model 
with  TEMPER  provides  numerical  calculations  of  the 
propagation  factor,  and  accounts  for  radar  refraction,  multipath, 
and  diffraction.  The  more  complex  RADSCAT  model  is  used  to 
calculate  quantitative  radar  clutter  data.  Like  TEVIR-II, 
RADSCAT  can  accept  three  dimensional  refractivity  inputs. 

2.0  VISIBILITY  MAPS 

2.1  General  Considerations 

With  consideration  of  propagation  effects,  we  determine  terrain 
visibility  by  one  of  two  methods:  an  optical  ray-trace  program, 
and  an  electromagnetic  parabolic  equation  model  (TEMPER).  In 
both  methods,  electromagnetic  energy  is  assumed  to  be  perfectly 
reflected  from  water  surfaces,  but  absorbed  by  terrain. 

The  optical  ray-trace  method  integrates  propagation  differential 
equations  along  a  ray  trajectory.  In  the  ray-trace  method,  rays  are 
launched  at  closely  spaced  elevation  angles.  Typically  both 
positive  and  negative  angles  are  included;  the  negative  ones  are 
reflected  from  the  water  surface.  The  range  of  angles  needed  to 
simulate  radar  visibility  will  depend  on  the  beamwidth  of  the 
radar,  the  maximum  altitude  of  terrain  peaks,  and  their  range  to 
the  radar.  In  a  typical  simulation  of  a  ship-board  radar,  ray  angles 
of  +  2°  usually  sufficiently  account  for  all  rays  that  intersect 
terrain.  The  trajectory  of  each  ray  is  calculated  for  a  particular 
refractivity  profile.  Once  a  ray  encounters  a  land  surface,  that 
surface  is  considered  illuminated  for  subsequent  ranges  along  an 
equal  azimuth  slice  until  the  terrain  slope  becomes  negative.  For 
ranges  beyond  the  negative  terrain  slope,  the  terrain  is  considered 
to  be  in  shadow  until  the  another  ray  intersects  the  terrain  surface. 
By  repeated  application  of  this  algorithm,  one  can  identify 
directly  illuminated  regions  along  a  radial  slice;  with  slices  along 
various  azimuths,  one  can  identify  directly  illuminated  areas  of 
terrain.  The  accuracy  of  the  resulting  plot  improves  as  we 
increase  the  density  of  rays  within  the  elevation  launch  angles, 
and  as  we  increase  the  density  of  azimuth  slices.  For  a  typical 
application,  we  obtain  satisfactory  results  with  elevation  ray 
spacing  of  about  0.02°,  and  azimuth  spacing  of  about  0.5  °. 

The  number  of  ray  calculations  can  become  quite  large.  For 
example,  using  ±  2°  elevation  coverage  with  0.02°  spacing,  and 
90°  azimuth  coverage  with  0.5°  spacing,  there  are  36000  ray 
trajectories  to  be  computed  if  the  refractivity  profiles  are  unique 
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along  each  azimuth  slice.  For  a  uniformly  stratified  atmosphere, 
however,  the  number  of  calculated  rays  need  be  only  200  by 
employing  the  same  set  of  trajectories  at  each  azimuth  angle. 

One  can  often  evaluate  the  potential  severity  of  terrain  clutter 
problems  by  examining  a  terrain  visibility  map  showing  the 
regions  of  terrain  that  are  directly  illuminated  (i.e.,  not  in 
shadow).  Often  the  distribution  and  extent  of  visible  terrain 
sufficiently  indicate  the  probable  impact  of  clutter.  In  such  cases 
a  ray  trace  solution  obtained  by  TEVIR-I  and  -II  may  be 
sufficient  for  radar  performance  evaluation. 

In  this  section,  we  will  examine  propagation  effects  using 
refractivity  profiles  illustrated  in  Fig.  1.  Profiles  A  and  B  were 
measured  by  the  Pacific  Missile  Test  Center  (PMTC)  off  the 
coast  of  California  over  a  three-day  period  in  June,  1990.  Strong 
surface-based  ducts  were  persistent  during  this  period.  Profile  C 
was  measured  off  the  coast  of  California  by  Applied  Physics 
Laboratory  personnel  during  the  summer  of  1992.  Surface-based 
duct  heights  of  500,  600,  and  1000  ft  apply  to  profiles  A,  B,  and 
C  respectively.  The  profiles  include  evaporation  ducts  at  the 
surface.  An  additional  profile  representative  of  a  standard 
atmosphere  is  also  shown  in  Fig.  1.  When  using  the  profiles  of 
Fig.  1,  we  retain  the  evaporation  duct  for  propagation  over  the 
sea.  However,  we  assume  that  the  evaporation  duct  does  not 
exist  over  land.  For  overland  applications,  we  delete  the 
evaporation  duct,  and  extrapolate  the  refractivity  profile  above 
that  duct  to  the  surface.  The  refractivity  profiles  shown  here 
have  been  constructed  from  temperature,  pressure,  and  humidity 
constituents,  using  relationships  given  in  [12],  The  evaporation 
duct  profile  has  been  constructed  using  the  marine  boundary 
model  with  a  neutrally  buoyant  condition  as  described  in  [1 1] 

2.2  Terrain  Visibility  -  Ray  Trace  Solutions  for  Stratified 
Atmosphere 

Figure  2  illustrates  an  example  of  a  DTED  terrain  profile  and  ray 
trajectories  for  a  standard  atmosphere  refractivity  profile.  The 
highlighted  areas  are  those  in  direct  illumination,  according  to 
the  algorithm  described  in  Sect.  2.1.  Figure  3  illustrates  a  terrain 
visibility  diagram  for  a  radar  located  in  the  Red  Sea  with 
standard  atmosphere  propagation.  The  region  shown  is 
characterized  as  "high  relief  terrain",  having  terrain  peaks  of 
8200  ft.  Figure  4  illustrates  a  ray  diagram  for  a  refractivity 
profile  involving  a  uniformly  stratified  600  ft  surface-based  duct 
(identified  as  "profile  6"  in  [12]).  Figure  5  shows  the  same  area 
as  in  Fig.  3,  but  with  a  600-ft  surface-based  duct. 

By  comparing  Figs.  3  &  5,  one  sees  significant  differences  in  the 
patterns  of  visible  terrain  under  standard  atmosphere  and  ducting 
conditions.  Clearly,  much  more  terrain  is  directly  illuminated 
with  the  600-ft  duct  than  with  the  standard  atmosphere. 

However,  the  maximum  extent  of  the  clutter  is  similar  in  the  two 
cases.  The  increased  density  of  illuminated  terrain  under  ducting 
may  be  explained  by  the  downward  refraction  of  radar  energy, 
which  illuminates  features  that  might  otherwise  be  hidden,  as 
suggested  in  Fig.  4.  The  terrain  at  great  distances  is  illuminated 
primarily  by  rays  which  escape  the  duct  and  intersect  high 
altitude  terrain  features.  For  that  reason,  there  is  not  a  large 
difference  in  the  maximum  extent  of  visible  terrain  in  the  two 
cases  shown  here. 

Figure  6  illustrates  terrain  visibility  with  propagation  via  a  1000- 
ft  surface-based  duct  (profile  C)  near  the  coast  of  Saudi  Arabia. 

In  this  example,  the  terrain  is  characterized  as  low-to-medium 
relief,  with  peaks  of  about  1000  ft.  With  the  radar  situated  70  nrn 
from  the  coast  (Part  a),  the  directly-illuminated  terrain  is 
confined  to  a  narrow  band  about  20  nm  wide  along  the  coast. 
However,  by  moving  the  radar  to  a  location  that  is  25  nm  more 
distant  (Parte),  the  directly  illuminated  terrain  extends  to  about 
75  nm  from  the  coast  (Part  d)  -  a  significant  increase  relative  to 
Part  b.  The  extended  visibility  in  Part  d  occurs  because  of  the 


opportunity  for  reflected  paths  from  the  ocean  surface  to  intersect 
distant  terrain  as  indicated  in  Part  c. 

2.3  Terrain  Modified  Refractivity  Profiles. 

The  atmospheric  constituents  that  govern  refractivity  are 
temperature,  pressure,  and  humidity-parameters  which  will  be 
subjected  to  terrain  influences.  Consequently,  a  more  realistic 
atmospheric  model  would  include  terrain-related  modifications  to 
the  refractivity  profiles,  in  contrast  to  the  simple  stratified 
atmospheric  assumptions  employed  in  the  previous  examples.  In 
order  to  illustrate  the  ability  to  represent  terrain  influences,  we 
simulated  an  adiabatic  sea  breeze  (ASB)  model  in  which  a  sea 
breeze  transports  the  air  mass  from  the  sea  to  the  land  [12].  We 
assumed  that  as  the  air  mass  is  raised  in  altitude,  it  undergoes 
adiabatic  expansion  (i.e.,  heat  is  neither  added  nor  subtracted. 

We  assumed  knowledge  of  temperature,  pressure  and  humidity 
versus  height  profiles  over  the  sea,  and  that  the  temperature, 
pressure,  and  humidity  constituents  are  transformed  via  an 
adiabatic  process  as  the  air  mass  is  transported  over  the  land.  As 
the  air  mass  is  moves  inland,  we  calculated  new  constituent 
profiles  along  range  increments  AR.  We  then  interpolated  the 
constituents  between  calculated  profiles  using  a  linear 
interpolation  procedure.  In  Fig.  5  of  reference  [12],  the  ASB 
model  was  applied  to  Profile  A  with  a  ship  position  in  the  Red 
Sea  as  in  Fig.  5  of  this  paper.  Comparing  the  visibility  diagrams 
generated  by  the  ASB  and  stratified  atmosphere  models,  one 
could  observe  differences  in  specific  regions.  However,  the 
overall  density  and  range  extent  of  illuminated  terrain  are  similar 
in  the  two  cases  considered.  For  other  classes  of  terrain  relief, 
however,  one  might  expect  greater  differences  between  a 
str  atified  atmosphere  and  an  ASB  process. 

It  is  not  our  intention  to  represent  the  ASB  model  as  a  realistic 
case,  but  rather  to  demonstrate  the  ability  of  our  visibility  models 
to  incorporate  the  interaction  of  terrain  and  atmospheric 
processes.  Although  the  ASB  process  introduces  additional 
complexities  into  the  refractivity  model,  it  is  nevertheless  a 
simplification  of  the  physical  processes  present  in  coastal 
meteorology.  We  have  ignored  a  number  of  phenomena  likely  to 
be  important,  such  as  boundary  layer  phenomena,  heat  inputs 
from  the  terrain,  and  more  complex  air  movement  patterns. 

2.4  Visibility  of  Air  Targets. 

Besides  clutter  processes  discussed  above,  terrain  shadowing  can 
limit  the  ability  of  the  radar  to  detect  and  track  overland  targets. 

It  is  often  useful  to  evaluate  target  shadowing  limitations  using  a 
target  visibility  diagram  as  illustrated  in  Fig.  10.  This  example 
applies  to  air  targets  over  former  Yugoslavia,  for  a  ship  position 
approximately  25  mn  off  the  coast.  The  calculated  visibility 
applies  to  a  standard  atmosphere  assumption.  It  is  assumed  that 
the  air  target  flies  at  a  constant  height  above  the  terrain.  The 
shaded  regions  indicate  where  an  air  target  at  several  different 
heights  would  be  directly  illuminated  by  the  radar.  The  coded 
regions  should  be  interpreted  as  being  cumulative,  e.g.,  the 
shaded  region  applying  to  10000  ft  also  includes  the  regions  for 
lower  altitude  targets.  This  visibility  diagram  was  produced  by 
calculating  ray  tr  ajectories,  and  applying  a  visibility  algorithm 
similar  the  one  used  to  determine  terrain  visibility  (see  Sect.  2.1). 

2.5  Application  of  Electromagnetic  Propagation  Routine 

The  ray  trace  methods  discussed  above  provide  relatively  fast 
qualitative  solutions.  The  Electromagnetic  Parabolic  Equation 
Routine  (TEMPER)  provides  more  detailed  quantitative 
calculations  of  the  total  electromagnetic  field  using  the  Fourier 
split-step  method  [9],  [10].  Inputs  to  TEMPER  include  the  radar 
frequency,  polarization,  antenna  elevation  beam  pattern, 
antenna  elevation  pointing  angle,  and  refractivity  profiles  (index 
of  refraction  versus  height).  The  refractivity  profiles  may  vary 
with  range  if  such  detailed  information  is  available.  In  our 
applications,  the  relevant  output  of  TEMPER  is  the  one-way  or 
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two-way  propagation  factor  F 2  or  F4,  where  F  =  \E/E0\,  E()  is  the 
free-space  field,  and  E  is  the  field  under  the  assumed  conditions. 
We  have  adapted  TEMPER  to  simulate  a  lower  terrain  boundary 
by  setting  the  calculated  field  to  zero  at  and  below  the  terrain 
boundary  at  each  range  increment  [13].  The  first  non-zero  field 
value  above  the  terrain  surface  is  attributed  to  the  surface  field 
strength.  This  procedure  is  an  approximation,  albeit  an  imperfect 
one,  to  a  perfectly  absorbing  boundary.  With  this  method,  the 
TEMPER  calculation  will  be  unique  for  each  azimuth  slice. 

Figure  1 1  illustrates  a  TEMPER  solution  using  a  particular  terrain 
slice  as  a  lower  boundary.  The  magnitude  of  F2  has  been  coded 
on  a  gray  scale.  The  solution  includes  diffraction  zone  values 
within  regions  that  would  be  considered  in  shadow  according  to 
the  ray-trace  algorithm.  This  example  was  generated  using 
Profile  B  to  specify  refractivity  -  the  same  profile  used  in  the  ray 
diagram  of  Fig.  4.  Other  relevant  parameters  applying  to  Fig.  11 
are:  S-band,  vertical  polarization,  1.5°  beamwidth,  0°  antenna 
pointing  angle. 

By  applying  the  TEMPER  program  to  each  azimuth  slice,  a 
terrain  visibility  map  may  be  obtained.  Although  the  TEMPER 
method  does  not  explicitly  determine  shadowed  terrain,  one  can 
obtain  a  terrain  visibility  map  by  applying  a  threshold  to  F2.  In 
reference  [13]  a  visibility  map  was  generated  by  applying  a 
threshold  of  -6  dB  to  F2.  By  comparing  that  visibility  diagram 
with  the  one  determined  with  the  ray  method  (Fig.  5),  one  sees 
very  little  difference. 

2.6  Terrain  Boundary  Assumptions 

Both  ray-trace  and  TEMPER  methods  make  use  of  perfectly 
absorbing  boundaries.  In  principle,  it  would  be  possible  to 
extend  our  models  to  include  reflecting  boundaries.  In  the  case 
of  the  ray  method,  one  might  calculate  a  reflected  path  after  a  ray 
encounters  the  terrain,  taking  into  account  the  terrain  slope  in 
determining  the  reflected  launch  angle.  In  the  case  of  TEMPER, 
one  might  consider  using  a  finite  impedance  lower  boundary, 
such  as  has  been  studied  elsewhere  [14],  [15], 

Not  only  is  our  implementation  of  an  absorbing  boundary  much 
simpler  than  alternatives  using  reflecting  boundaries,  but  one  can 
advance  arguments  for  preferring  an  absorbing  boundary.  One 
argument  is  that  reflected  rays  are  very  unlikely  to  return  energy 
to  the  surface  at  a  more  distant  range.  One  can  justify  this 
assertion  by  realizing  that  in  most  cases  of  practical  interest,  those 
rays  that  are  launched  at  more  than  a  degree  (or  less)  penetrate 
most  practical  ducts,  and  are  therefore  not  refracted  back  to  the 
surface.  Consequently,  terrain  slopes  of  more  than  one  degree 
would  not  return  reflected  energy  to  more  distant  surface 
locations.  Secondly,  energy  will  tend  to  be  diffusely  reflected 
because  realistic  terrain  is  typically  very  rough  compared  with 
radar  wavelengths.  Consequently,  a  specular  reflection  or  smooth 
surface  calculation  may  be  unwarranted.  Thirdly,  absorption  at 
the  boundary  due  to  finite  impedance  will  diminish  what  energy  is 
reflected. 


reflectivity,  and  location  relative  to  the  radar.  Clutter  power  can 
be  expressed  by: 


p  P,G2X2  c0F4Ac 
(4  nfRAL 


(1) 


where  Pc  is  returned  clutter,  Pt  is  transmitted  power,  G  is  antenna 
gain,  X  is  radar  wavelength,  <70  is  the  clutter  reflectivity  of  a  radar 
cell,  F4  is  the  two-way  propagation  factor,  A-  is  the  area  of  an 
illuminated  cell,  R  is  range  to  the  clutter  cell,  and  L  represents 
various  losses. 


By  using  the  "constant-gamma"  model,  the  clutter  reflectivity  is 
defined  as 

n  n 

°o = ^  X  <*oi = ^  X  ysin  w  (2) 

I  1 

where  n  is  the  number  of  DTED  facets  (defined  in  [12])  within  a 
radar  cell,  <7ol-  (m2/m2)  is  the  reflectivity  of  the  ith  facet,  y/|  is  the 
grazing  angle  at  the  ith  facet,  and  yis  the  normalized  reflectivity 
(m2/m2),  which  is  pre-defined  and  depends  on  the  radar 
frequency  and  the  type  of  terrain.  We  use  the  following 
frequency  relationship  in  our  model: 


where  yr  is  a  reference  value  applicable  to  a  particular  radar 
frequency /k  according  to  [1],  we  use  the  frequency  scaling 
k=  0.5.  While  some  data  suggest  that  y  and  k  vary  with  both 
terrain  relief  and  cultural  development  [1],  [7],  we  presently  use 
the  same  values  for  both  high  and  low  relief  terrain,  namely 
yr=  0.17  at/r  =  3.0  GHz,  and  k  =  0.5.  The  yr  value  has  been 
increased  relative  to  our  previous  estimates  [12],  [13]  to  conform 
with  the  measurements  presented  in  Section  4.0.  We  have  not 
varied  %  with  terrain  relief,  reasoning  that  terrain  relief  factors 
due  to  large-scale  shadowing  may  be  adequately  accounted  for  in 
our  DTED-based  method.  We  recognize,  however,  that  the 
specification  of  yr  for  our  model  as  a  function  of  terrain  type  and 
frequency  requires  further  investigation  and  clarification. 
Additional  subjects  requiring  clarification  include  grazing  angle 
and  radar  frequency  relationships.  These  subjects  are  discussed 
further  in  the  following  section. 

Generally  one  characterizes  clutter  in  terms  of  the  reflectivity 
parameter  a0,  which  is  expressed  as  a  unitless  quantity  (m2/m2); 
Go  is  usually  determined  by  measuring  returned  clutter  power,  and 
solving  for  <70  using  Eq.  (1).  Since  one  typically  lacks  detailed 
knowledge  of  the  propagation  factor  at  the  clutter  source,  it  is 
customary  to  assume  F4  =  1  in  this  calculation.  Recognizing  the 
difficulty  of  separating  reflectivity  and  propagation  factor,  we  will 
characterize  clutter  reflectivity  in  terms  of  the  combined 
parameter  o0F4. 

3.2  Parametric  Variations 


In  order  to  adequately  assess  the  impact  of  terrain  boundary 
assumptions,  more  modeling  efforts  are  required.  Work 
continues  at  the  Applied  Physics  Laboratory  to  develop  finite 
impedance  boundary  applications,  which  we  will  eventually 
apply  to  our  terrain  effects  models. 

3.0  CLUTTER  CALCULATIONS 

3.1  General  Relationships 

Clutter  magnitude  depends  on  both  radar  system  parameters  and 
terrain  parameters.  Radar  system  parameters  include  transmitter 
power,  frequency,  antenna  gain,  and  resolution  size  (both  range 
and  azimuth).  Terrain  parameters  comprise  type,  roughness, 


3.2.1  Grazing  angle :  Many  clutter  models  assume  that  the 
backscatter  coefficient  G0  increases  with  increasing  grazing  angle 
[1]  -  [5],  a  trend  in  accordance  with  rough  surface  scattering 
theory  [16]  -  [18],  Others  have  proposed  a  relationship  based  on 
depression  angle  of  the  radar  antenna  pattern,  rather  than  grazing 
angle  of  the  incident  energy  [6],  [7],  According  to  depression 
angle  advocates  [7],  the  backscatter  from  terrain  is  dominated  by 
processes  involving  vertically  oriented  features  (e.g.,  trees, 
cultural  features,  etc.)  and  associated  "micro-shadowing",  rather 
than  the  rough  surface  mechanisms  of  theoretical  models,  and 
that  general  rough  surface  theory  does  not  apply  to  most  terrain. 
There  are  difficulties  in  defining  appropriate  angles  in  either 
view.  Both  depression  and  incidence  angles  will  be  affected  by 
atmospheric  refractivity  properties.  And  grazing  angles  will 
further  be  affected  by  the  fine  structure  of  terrain  slopes.  In 
general,  such  details  may  not  be  accurately  known. 
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Our  present  model  uses  a  grazing  angle  relationship  according  to 
Eq.  (2),  where  the  grazing  angle  is  defined  by  the  slope  of  a  ray 
from  the  ray-trace  method  and  the  terrain  slope  of  a  DTED 
directly  illuminated  cell.  For  shadowed  regions,  the  grazing 
angle  is  approximated  using  the  incidence  angle  of  the  previous 
ray  and  the  local  terrain  slope.  If  the  grazing  angle  in  the  shadow 
zone  is  negative  (i.e.,  negative  terrain  slope  exceeds  ray 
inclination),  we  replace  t fi  with  a  minimum  value  in  Eq.  (2).  In 
this  paper,  the  DTED  terrain  slope  is  determined  as  the  slope 
along  a  2-dimensional  slice.  A  more  accurate  definition  of 
terrain  slope  would  consider  the  3-dimensional  slope  of  terrain. 
However,  the  error  in  backscatter  coefficients  by  using  a  more 
simply  determined  2-dimensional  slope  is  not  excessive[12].  We 
consider  the  subject  of  viewing  angle  relationships  to  require 
further  research  and  clarification. 

3.2.2  Gamma  Parameter:  Clutter  reflectivity  is  often 
characterized  using  the  parameter  y  of  Eqs.  (2)  and  (3);  y  is 
usually  determined  experimentally,  and  may  be  separately 
specified  for  various  terrain  relief  and  cultural  development 
classifications  [1],  Past  descriptions  of  yean  be  only  an  initial 
guide  for  our  applications  for  two  reasons.  First,  most 
experimental  data  on  yapply  to  average  reflectivity  over  an  entire 
radar  resolution  cell,  whereas  in  our  applications,  we  apply  y  to 
smaller  DTED  cells  within  a  radar  resolution  cell.  Consequently, 
we  would  expect  the  appropriate  y  value  in  our  model  to  be 
different  than  the  larger  scale  value  determined  in  previous 
studies.  Secondly,  Previous  descriptions  of  yinclude  only 
generic  classifications  of  terrain,  whereas  in  our  model,  the 
terrain  slopes  and  shadowing  features  are  separately  determined 
for  every  DTED  cell.  Consequently,  we  hypothesize  that  aspects 
of  terrain  roughness  might  be  accounted  for  in  a  DTED-based 
approach  using  DTED  terrain  slopes,  and  the  same  value  of  y 
might  apply  to  various  terrain  relief  classifications.  This 
hypothesis  will  have  to  be  examined  in  future  experimental 
studies  of  the  sort  presented  in  Section  4. 

Our  initial  model  evaluations  [12],  [13]  used  y=  0.055  at  S-Band 
-  a  value  derived  from  previously  published  data  [1],  However, 
based  on  data  presented  in  Section  4,  that  value  has  been 
increased  to  y=  0.17  for  application  to  our  model.  It  will  be 
necessary  to  conduct  additional  measurements  before  we  can 
determine  the  experimental  error  in  that  estimate,  or  can 
confidently  specify  y  for  other  radar  frequencies  and  terrain 
types. 

3.3  Example  Calculation  of  radar  clutter 

Figure  12  shows  the  results  of  the  RADSCAT  land  clutter  model 
for  an  S-Band  radar  with  the  following  parameters:  0°  antenna 
elevation  pointing  angle,  1.5°  beamwidth  (both  azimuth  and 
elevation),  horizontal  polarization,  1  [is  pulse  width,  62  ft 
antenna  height.  The  top  panel  of  the  figure  is  the  land  profile  at  a 
particular  radar  look  direction.  The  highlighted  surfaces  are 
visible  by  radar,  as  determined  by  the  ray-trace  program.  Note 
that  the  land  profile  presents  only  one  slice  of  terrain.  Within  a 
radar  beamwidth,  the  terrain  profiles  could  vary,  especially  at 
large  distances  from  the  radar.  In  our  simulations,  we  generally 
compute  at  least  two  slices  within  each  beamwidth.  The  second 
panel  shows  the  one-way  propagation  factor,  F2,  computed  by 
TEMPER  with  Profile  B  from  Fig.  1.  The  third  panel  shows  the 
land  clutter  strength  OgF4  versus  range.  When  oQ  is  computed 
by  Eq.  (2),  the  incident  angle  within  a  shadowed  region  is 
assumed  to  be  the  same  as  that  of  the  last  ray  on  the  illuminated 
surface.  The  bottom  panel  depicts  the  returned  clutter  power 
calculated  by: 


For  convenience  of  calculation  and  plotting,  we  evaluate  (4) 
using  K-  10  *°,  determined  with  Ac  having  units  of  (nm)2,  and  R 
having  units  of  nm.  The  Figure  shows  clutter  power  not  only 
from  directly  illuminated  terrain,  but  also  from  shadowed  regions 
due  to  diffraction. 

One  can  construct  a  clutter  map  by  repeating  the  calculations 
shown  in  Fig.  12  at  incremental  azimuth  angles.  Figure  13 
illustrates  a  radar  clutter  map  of  OoF 4\  the  assumed  propagation 
condition  and  radar  location  are  those  used  in  the  visibility 
diagram  of  Fig.  5.  The  radar  parameters  in  this  example  are:  S- 
Band,  3°  beamwidth,  0°  elevation  pointing  angle,  2  (is  pulse 
width,  62  ft  antenna  height.  In  the  figure,  the  magnitude  of  O0 F4 
is  indicated  with  a  gray  scale.  The  azimuth  increment  is  0.5°. 

3.4  Statistical  Representation 

The  Weibull  distribution  is  often  used  to  represent  the  statistical 
distribution  of  terrain  clutter.  Statistical  representations  of 
terrain  clutter  can,  however,  be  ambiguous  and  lead  to 
misinterpretation.  Consequently,  one  must  be  circumspect  in 
interpreting  and  applying  statistical  clutter  models.  A  major 
reason  for  this  ambiguity  is  the  influence  of  the  minimum 
threshold  used  in  the  statistical  data  base,  a  parameter  which  is 
usually  unstated  in  descriptions  of  experimental  clutter  data. 

The  selection  of  a  lower  limit  in  simulated  data  is  arbitrary. 

Since  the  model  has  no  absolute  lower  limit  on  O0F4,  one  could 
set  a  lower  threshold  to  exclude  weak  clutter  data.  The  effect 
would  be  to  alter  the  statistical  parameters  of  the  resulting  data 
base.  As  a  practical  matter,  a  similar  issue  will  be  present  with 
measured  data.  Radar  measurements  will  be  limited  to  clutter 
cells  that  exceed  a  minimum  signal  to  noise  ( S/N)  ratio,  and  this 
minimum  will  be  a  function  of  the  sensitivity  of  the  radar, 
including  transmitter  power,  antenna  gain,  noise  figure,  and 
other  parameters.  To  illustrate  this  point,  imagine  that  clutter 
measurements  are  made  by  two  radars  that  differ  in  sensitivity, 
but  are  identical  in  all  other  respects.  If  we  set  a  threshold  at 
some  multiple  of  S/N,  the  more  sensitive  radar  would  include 
more  data  points  with  small  values  of  OoF4,  and  would  have  a 
smaller  average  OaF4. 

We  illustrate  this  situation  in  Figures  14  and  15,  which  give 
simulated  cumulative  count  distributions  of  OoF4  for  low  and 
high  relief  terrain,  both  with  /=  0.055.  Three  radars  are 
represented  which  differ  only  in  frequency.  The  high  relief 
terrain  (Fig.  14)  applies  to  the  Red  Sea  area  with  the  radar 
looking  eastward  towards  mountainous  terrain  in  the  azimuth 
sector  50  -  60°,  and  a  maximum  range  of  60  nm.  In  the  low 
relief  terrain  case  (Fig.  15),  the  radar  is  situated  in  the  Persian 
Gulf  10  nm  from  the  coast  at  29.1°  latitude  and  48.3°  longitude. 
The  observed  region  covers  the  low  relief  terrain  of  Kuwait  and 
Saudi  Arabia  in  the  sector  260  -  270°,  with  a  maximum  range  of 
60  nm.  The  simulated  data  include  shadowed  terrain  illuminated 
through  diffraction,  and  do  not  have  an  absolute  minimum  value. 
Because  of  enhanced  diffraction  at  longer  wavelengths,  small 
values  of  clutter  are  enhanced  as  the  frequency  band  is  lowered. 
However,  the  reverse  is  true  at  large  values  of  O0F4,  where 
clutter  is  enhanced  as  frequency  is  increased  because  of  the 
scaling  law  given  in  Eq.  (3). 

Table  1  summarizes  the  averages  of  O0F4  and  number  of  cells 
(AO  exceeding  the  threshold  when  various  thresholds  are  applied 
to  the  data  of  Figs.  14  and  15.  From  these  data,  one  might  infer 
that  OoF4  has  a  frequency  scaling  law  that  depends  both  on 
threshold  and  terrain  relief.  A  terrain  relief  dependency  was  also 
indicated  in  the  measurements  of  Billingsley  [7]  who  found  oJF4 
to  increase  with  increasing  radar  frequency  in  low  relief 
farmland,  but  to  decrease  with  increasing  radar  frequency  in 
high-relief  mountainous  terrain. 
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In  comparing  simulation  results  with  measurements,  it  is 
important  to  understand  the  difference  in  statistical  properties  of 
simulated  and  measured  data.  Whereas  the  model  provides 
statistical  expectations,  i.e.,  statistical  averages  of  reflectivity 
from  individual  radar  cells,  actual  measurements  include 
statistical  fluctuations  about  these  averages.  The  simulation 
results  can  be  said  to  belong  to  a  simple  statistical  distribution, 
whereas  measurements  will  follow  a  compound  distribution  (see 
subsequent  discussion  in  connection  with  Fig.  21). 

4.0  EXPERIMENTAL  VERIFICATION 

4.1  Data  Collection  and  Processing 

Terrain  clutter  measurements  were  collected  by  a  shipboard  radar 
near  the  coast  of  southern  California  and  northern  Washington  in 
May  and  June,  1993.  Both  areas  have  mountainous  high-relief 
terrain,  but  differ  significantly  with  respect  to  the  nature  of  the 
terrain  cover.  The  measured  area  of  Northern  Washington  has  a 
moist  climate,  and  is  heavily  forested,  with  relatively  little 
cultural  development.  Southern  California  is  semi-arid,  sparsely 
vegetated,  and  has  much  more  cultural  development.  There  was 
scattered  light  rain  during  the  testing  period  in  northern 
Washington;  in  southern  California,  the  weather  was  clear  and 
dry. 

Pertinent  radar  parameters  are:  S-band,  horizontal  polarization, 
1.6°  beamwidth  (azimuth  and  elevation),  0°  elevation  pointing 
angle,  3.0  ps  pulse  width,  and  120  ft  antenna  height.  Clutter  data 
were  recorded  by  a  data  collector  having  a  40-dB  dynamic  range. 
In  order  to  cover  the  full  measurement  range  required  for  our 
tests,  data  were  sequentially  collected  with  attenuation  levels  of 
80,  60,  40,  20,  and  0  dB,  and  later  merged  for  expanded  dynamic 
range.  In  the  data  merging  process,  a  17  dB  lower  limit  and  37 
dB  upper  limit  was  used  at  each  attenuator  setting  to  eliminate 
system  noise  and  saturated  data  respectively.  The  clutter-to- 
noise  ratio  of  the  merged  data  ranged  from  17  to  1 17  dB.  The 
process  of  data  collection  at  the  five  attenuator  settings 
consumed  approximately  4-6  minutes.  In  the  merged  data  file, 
each  clutter  measurement  has  been  attributed  to  a  fixed  radar  cell, 
despite  the  fact  that  the  ship  speed  was  approximately  10  knots 
during  the  data  collection  period.  This  extended  data  collection 
process  effectively  creates  a  smearing  effect.  The  data  collector 
is  capable  of  acquiring  measurements  over  an  extended  azimuth 
and  range  sector.  In  these  tests,  the  azimuth  and  range  sectors 
were  approximately  130°  and  63  nm  respectively.  Considering 
the  range  resolution  (0.24  nm),  azimuth  resolution  (1.6°)  and 
attenuator  settings  (5),  more  than  105  measurements  comprise  a 
single  range/azimuth  data  set.  Multiple  data  sets  were  transferred 
to  tape  for  later  analysis. 

Atmospheric  data  were  collected  using  an  instrumented 
helicopter  which  measured  temperature,  pressure,  and  humidity 
versus  height.  The  helicopter  flew  a  series  of  saw-tooth  patterns 
from  the  ship  over  the  water,  thereby  allowing  a  sequence  of 
profiles  to  be  constructed  as  a  function  of  range  from  the  ship. 
Atmospheric  data  were  not  collected  over  land.  These  data  were 
later  processed  to  determine  a  series  of  profiles  of  refraetivity 
index  versus  height.  In  both  the  May  and  June  exercises, 
measured  refraetivity  did  not  deviate  significantly  from  a 
standard  atmosphere  condition.  As  a  general  rule,  however, 
propagation  in  marine  or  coastal  environments  can  deviate 
significantly  from  standard  atmosphere  conditions,  resulting  in 
significant  variations  in  terrain  clutter  as  seen  by  a  ship-board 
radar  (see  Section  2.0). 

The  tests  did  not  include  absolute  calibration  of  the  radar  power. 
In  relating  radar  measurements  to  absolute  reflectivity,  we  relied 
on  specified  radar  parameters. 


4.2  Comparison  of  Measurement  and  Model:  Geographic 
Patterns 

Figure  16  illustrates  several  features  of  the  measured  and 
simulated  reflectivity  data.  The  upper  parifel  shows  a  terrain 
profile  determined  from  the  DTED  data  base  for  a  single  azimuth 
direction  (106.34°)  with  the  ship  positioned  in  southern 
California.  The  highlighted  regions  represent  directly 
illuminated  terrain,  as  determined  with  the  ray-trace  algorithm 
described  in  Section  2.1.  The  terrain  profile  shown  is  only  one 
representation  of  the  terrain  contour  within  a  radar  beamwidth. 
Within  a  beamwidth,  the  terrain  height  will  vary  at  a  fixed  range, 
especially  at  the  greater  limits  of  range.  The  middle  panel  shows 
the  one-way  propagation  factor  determined  from  the  TEMPER 
program  described  in  Section  2.5.  The  lower  panel  shows 
measured  values  of  OoF4  versus  range  (dotted  line),  and  modeled 
data  (solid  line),  where  the  simulated  data  was  obtained  with  two 
azimuth  slices  per  radar  beamwidth.  The  broken  line  shows  the 
magnitude  of  oJF4  necessary  to  equal  system  noise.  As  a  general 
rule,  measurements  below  the  noise  limit  are  not  possible. 

Figure  17  shows  wide-area  views  of  measured  clutter  in  southern 
California.  In  Fig.  17,  magnitudes  of  OoF4  have  been  coded  on  a 
gray  scale;  these  magnitudes  were  derived  from  measurements  of 
radar  power  using  Eq  (1).  This  picture  provides  one  example  out 
of  many  such  data  sets  collected  during  the  exercise. 
Corresponding  model  data  is  shown  in  Figs.  18  and  19.  Figure 
18  was  derived  from  the  terrain  visibility  routine  (TEVIR)  using 
the  ray-trace  algorithm  described  in  Section  2.0.  Figure  19  was 
derived  from  the  RADSCAT  program,  described  in  Section  3.0. 

By  overlaying  the  measurement  and  simulation  maps,  one 
observes  very  good  correspondence  between  the  geographic 
patterns  of  measured  and  modeled  data.  The  predicted  areas  of 
terrain  illumination  in  from  the  ray-trace  routine  (Fig.  18) 
correspond  well  with  the  contours  of  measured  clutter  above  -20 
dB  in  Fig.  17  This  suggests  that  the  strong  clutter  measurements 
are  associated  with  directly  illuminated  terrain. 

In  order  to  obtain  the  indicated  geographic  correspondence,  it 
was  necessary  to  reduce  the  calculated  range  of  the  modeled  data 
by  4%  -  an  adjustment  necessary  for  the  data  of  both  southern 
California  and  northern  Washington.  We  do  not  presently 
understand  the  reason  for  the  range  discrepancy,  although  we  are 
investigating  several  possibilities.  In  terms  of  radar  timing 
precision,  4%  is  a  very  large  range  error.  On  the  other  hand,  it  is 
possible  that  timing  errors  may  have  been  present  in  the  data 
collection  process,  which  might  explain  the  range  discrepancy. 
Another  possibility  is  that  the  DTED  data  base,  or  the  simulation 
process  itself  contains  range  errors. 

4.3  Statistical  Representation 

4.3.1  Southern  California  Data.  Figure  20  illustrates  the 
cumulative  distribution  of  measured  and  modeled  reflectivity 
(OoF4)  in  southern  California  .  The  vertical  axis  gives  the 
number  of  radar  cells  exceeding  the  value  of  OoF4  shown  on  the 
horizontal  axis.  The  upper  broken  line  applies  to  measured  data, 
the  other  lines  apply  to  simulated  data  using  the  method 
described  in  Section  3.0,  with  y  =  0.17.  The  modeled  data 
includes  calculated  effects  of  various  horizontal  antenna  side 
lobe  levels.  Side  lobe  effects  were  determined  by  integrating 
clutter  from  cells  along  a  constant  azimuth  slice,  but  reduced  in 
magnitude  by  the  assumed  side  lobe  level,  and  adding  the 
integrated  side  lobe  clutter  to  the  calculated  main  beam  value.  A 
side  lobe  level  of  -80  dB  approximates  that  of  the  experimental 
system. 

For  OoF4  greater  than  -40  dB,  the  measured  and  simulated  results 
in  Fig.  20  agree  quiet  well.  For  weaker  clutter,  however,  the 
model  predictions  are  significantly  below  measurements.  It  was 
suspected  that  the  lack  of  correspondence  of  weaker  clutter  might 
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occur  primarily  in  shadow  (diffraction)  regions.  In  order  to  test 
this  hypothesis,  we  examined  the  distribution  of  measured  and 
simulated  clutter  applying  to  radar  cells  that  contained  at  least  a 
portion  of  directly  illuminated  terrain  as  indicated  by  the  ray- 
trace  method.  The  resulting  distributions  are  shown  in  Fig.  21. 
Two  distributions  are  shown  for  the  modeled  data:  one  applies  to 
the  calculated  values  of  (JgF4,  following  the  convention  shown 
in  Fig.  20;  the  other  is  obtained  by  random  numbers  drawn  from 
a  Raleigh  power  distribution,  in  which  the  mean  value  is  defined 
by  the  calculated  OoF4  for  that  cell.  This  simulates  a  compound 
distribution  as  described  previously.  When  comparing  statistical 
distributions,  the  compound  distribution  is  expected  to  more 
accurately  simulate  the  measured  data. 

It  is  seen  that  the  measured  and  modeled  distributions  in  Fig.  21 
correspond  very  well,  suggesting  that  the  model  perforins  quite 
well  when  directly  illuminated  surfaces  are  contained  within  the 
radar  cell.  The  median  value  of  OgF4  is  -23  dB  for  both  measured 
and  modeled  data;  the  Weibull  a-parameter  is  1.7  for  the 
measurements  and  the  modeled  compound  distributions.  These 
values  compare  favorably  with  previously  published  data  at  S- 
band  [1], 

4.3.2  Northern  Washington  Data.  Figure  22  plots  the 
cumulative  distribution  of  O0F4  applying  to  northern 
Washington.  As  noted  in  Section  4.2,  these  measurements  were 
complicated  by  the  presence  of  light  scattered  rain,  which  is 
estimated  to  provide  median  reflectivity  of  about  -50  dB.  In  Fig. 
22  no  attempt  has  been  made  to  model  the  rain.  As  with  the 
southern  California  data,  good  correspondence  between 
measured  and  modeled  data  is  seen  for  strong  returns, 
particularly  those  above  -30  dB.  Below  about  -40  dB,  the  model 
under  predicts  clutter  returns.  The  discrepancy  between 
measurement  and  model  for  weak  clutter  is  greater  in  Fig.  22 
than  in  Fig.  20,  presumably  a  result  of  the  influence  of  scattered 
rain  in  Fig.  22. 

4.4  Investigation  of  Differences  Between  Measurement  and 
Model 

The  statistical  distribution  of  measured  and  simulated  clutter 
appear  to  correspond  well  for  relatively  strong  clutter,  or  for 
radar  cells  having  directly  illuminated  surfaces.  For  weaker 
clutter,  or  that  pertaining  to  shadow  zones,  the  model  appears  to 
under  predict  the  measured  data.  We  are  investigating  several 
possibilities  for  this  discrepancy.  The  following  describes 
potential  sources  of  discrepancy  that  are  being  considered. 

4.4.1  Antenna  pattern  effects.  The  side  lobes  of  an  experimental 
system  can  increase  the  occurrence  of  relatively  weak  clutter. 
Azimuth  side  lobes,  as  seen  in  Fig.  20,  do  increase  relatively 
weak  clutter,  but  not  to  an  extent  sufficient  to  bring  the 
measurement  and  model  in  complete  correspondence.  The 
experimental  system  also  had  elevation  side  lobes  and  cross-talk 
between  vertically  separated  beams.  The  effects  of  these 
elevation  side  lobes  and  cross-talk  were  simulated,  and  found  to 
reduce  the  difference  between  measured  and  modeled  data.  We 
note  that  at  the  trailing  edges  of  strong  clutter  peaks,  the 
measured  clutter  tends  to  exceed  the  simulated  data  (see  Fig.  16). 
The  effects  of  vertical  antenna  beam  cross-talk  appeared  to 
account  for  the  trailing  edge  effects.  Despite  this  improvement, 
significant  differences  remained  measured  and  modeled  data 
below  -40  dB. 

4.4.2  Position  smearing  effects.  As  described  in  Section  4.1, 
data  collection  at  five  attenuator  settings  took  place  over  a  period 
of  4  -  6  minutes,  during  which  time  the  ship  maintained  a 
velocity  of  about  10  knots.  In  order  to  investigate  the  possible 
smearing  effects  of  position  changes  during  the  data  collection 
period,  we  plan  to  simulate  a  data  base  which  contains  such 
smearing  effects. 


4.4.3  Diffraction  representation .  As  described  in  Section  2.5, 
terrain  effects  are  incorporated  into  the  TEMPER  electromagnetic 
routine  using  an  approximation  to  a  perfectly  absorbing  boundary. 
We  considered  the  possibility  that  the  terrain  boundary  method 
implemented  in  TEMPER  might  not  adequately  represent 
diffraction  zone  effects.  In  other  work  by  J.  D.  Huffaker  at  our 
laboratory,  a  reflecting  boundary  was  implemented  into 
TEMPER.  The  reflecting  boundary  model  was  compared  with 
the  simpler  method  used  in  our  clutter  model.  In  one  example 
derived  for  high-relief  terrain,  the  reflecting  boundary  resulted  in 
reduced  propagation  within  diffraction  regions.  This  would  result 
in  even  lower  calculations  of  OoF4  than  with  our  absorbing 
boundary  approximation.  Another  simplification  in  the  model  is 
that  the  terrain  boundary  is  a  two-dimensional,  rather  than  three- 
dimensional  as  in  the  real  world.  The  use  of  a  2-D  approximation 
will  introduce  errors  into  the  simulation. 

4.4.4  Other  possibilities.  Another  possible  source  of  error  is  that 
multiple  scattering  processes  (due  to  the  three-dimensional 
aspects  of  the  terrain)  are  not  included  in  the  simulation. 

5.0  DISCUSSION 

This  paper  discusses  a  model  for  terrain  effects  on  ship-board 
radar  performance  that  accounts  for  site-specific  terrain  features, 
and  propagation  effects.  Both  terrain  shadowing  and  clutter  can 
be  simulated.  The  method  can  accommodate  atmospheric  data 
that  varies  in  three  dimensions,  if  such  detailed  information  is 
available.  Site  specific  terrain  contours  are  described  through  the 
DTED  data  base,  which  is  provided  by  the  Defense  Mapping 
Agency.  The  model  is  configured  with  varying  degrees  of 
complexity. 

Relatively  simple,  but  fast  methods  are  provided  with  TEVIR-I 
and  -II.  TEVIR I  computes  terrain  and  target  shadowing,  where 
the  propagation  can  be  represented  as  straight  line  propagation 
over  a  round  earth  with  an  equivalent  earth  radius  factor. 
Atmospheric  profiles  fitting  this  category  can  be  represented  by  a 
constant  gradient  of  the  index  of  refraction  versus  height.  The 
"standard  atmosphere"  is  one  example  fitting  into  this  category. 
TEVIR  II  also  determines  terrain  and  target  shadowing,  but  with 
arbitrary  atmospheric  inputs. 

The  RADSCAT  method  employs  an  electromagnetic  parabolic 
equation  method  to  calculate  the  propagation  factor.  RADSCAT 
includes  both  refraction  and  diffraction  effects,  and  can  simulate 
terrain  shadowing  and  backscatter.  This  method  can  accept 
refractivity  that  varies  in  three  dimensions.  Whereas  the 
RADSCAT  method  provides  much  more  detailed  information,  it 
is  also  takes  much  more  time  to  execute  as  compared  with  the 
TEVIR  methods. 

Variations  in  atmospheric  refractivity  can  significantly  alter 
patterns  of  terrain  clutter  and  shadowing.  The  effects  will 
depend  structure  of  atmospheric  refractivity,  as  well  as  terrain 
relief.  With  a  surface-based  duct  for  instance,  it  is  possible  to 
markedly  increase  the  density  of  directly  illuminated  terrain,  or 
to  greatly  extend  the  range  extent  over  which  strong  clutter  is 
returned. 

The  RADSCAT  and  TEVIR  models  were  compared  with  radar 
measurements  taken  off  the  west  coast  of  the  U.S.  from  an  S- 
band  radar.  The  correspondence  between  measured  and 
simulated  clutter  is  very  good  for  relatively  strong  clutter.  This 
correspondence  is  evident  in  the  geographic  patterns  and 
statistical  distribution  of  clutter  returns  in  both  northern 
Washington  and  southern  California.  Although  the  terrain  has 
similar  mountainous  relief  in  the  two  locations,  the  composition 
of  the  terrain  is  quite  different.  In  the  measurement  area  of 
northern  Washington,  the  terrain  is  forested,  with  little  cultural 
development.  In  southern  California,  the  terrain  is  semi-arid, 
with  significant  cultural  development  present,  particularly  along 
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the  coast.  Despite  the  differences  in  terrain  composition,  the 
clutter  returns  on  directly  illuminated  surfaces  were  similar  in  the 
two  locations. 

Within  shadowed  regions,  the  model  predicts  generally  lower 
clutter  strengths  as  compared  with  measurements.  We  are 
presently  investigating  several  hypotheses  that  might  explain  the 
discrepancy.  Primary  considerations  include:  (a)  smearing  due  to 
platform  motion  during  the  measurement  interval,  (b)  inadequate 
representation  of  diffraction,  (c)  multiple  scattering  effects,  (d) 
data  collection  response  dynamics. 

Although  the  simulated  patterns  of  strong  clutter  corresponded 
very  well  to  measurements,  there  was  approximately  a  4% 
discrepancy  in  the  range  to  geographic  features.  We  are 
investigating  the  possibility  of  timing  errors  in  the 
measurements,  or  of  errors  in  the  simulation. 

Future  improvements  in  the  model  will  incorporate  the  Digital 
Feature  Analysis  Data  (DFAD)  data  base  of  terrain  composition. 
This  data  base,  also  published  by  the  Defense  Mapping  Agency, 
indicates  features  such  as  vegetation,  structures,  roads,  bridges, 
power  lines,  etc.  With  such  data,  it  is  possible  to  better  predict 
backscatter,  and  the  effects  of  both  natural  and  cultural  features. 
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Figure  2.  Illustration  terrain  and  ray-trace  profile  with  standard  atmosphere.  Fl9ure  3'  'fe'ra;"  vjeiblity detemined  by  ray-trace  m  ethod  fora  radar  located  in  the  Red  Sea. 


Figure  4.  Illustration  of  Terrain  and  Ray-trace  Profile  whh  a  600-«  Surface  Duct  5'  R*d  SM' 
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Figure  6.  Ray  diagram  for  operation  near  Saudi  Arabia  - 1000  ft  surface-based  duct, 
radar  70  nm  from  coast. 
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Figure  17.  Measured  Clutter  Reflectivity  (ooF^)  at  the  Coast  of  S.  Cal.  within  63.0  nm. 
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Figure  18.  Terrain  Visibility  Map  Predicted  with  the  Ray-Trace  Method 
(Standard  Atmosphere,  Ant.  Ht=120  ft). 
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Figure  1 9.  Map  of  simulated  clutter  reflectivity  (d0F*)  at  the  coast  of  southern  California 
using  RAD  SCAT  method.  Standard  atmosphere  propagation. 
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Figure  21.  Cumulative  distribution  of  cr^4  applying  to  radar  cells  containing 
directly  illuminated  terrain  for  coast  of  southern  California. 
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Figure  20.  Cumulative  distribution  of  ^(f4  for  the  coast  of  southern  California. 
Model  with  standard  atmosphere,  7  =0.1 74,  two-way  side  lobe  =  -60  to  -80  dB. 
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Figure  22.  Cumulative  distribution  of  o0F4  for  the  coast  ot  northern  Washinton. 

Model  with  standard  atmosphere, y  =0.174,  two-way  side  lobe  =  -60  to  -B0  dB. 


Table  1.  Statistics  of  a 0F4  with  variation  of  threshold  and 
radar  frequency  (1.5°  beamwidth,  1  |is  pulse  width, 
62'  antenna  height) 


Threshold 

(dB) 

L-Band 

Mean  N 

(dB) 

S-Band 

Mean  N 

(dB) 

X-Band 

Mean  N 

(dB) 

High  Relief 

Terrain 

40 

-34.3 

568 

-32.0 

551 

-29.3 

549 

30 

-37.9 

647 

-36.4 

641 

-32.5 

607 

20 

-42.3 

739 

-40.5 

721 

-35.7 

660 

10 

-47.3 

843 

-44.8 

804 

-40.3 

730 

0 

-50.6 

912 

-48.5 

872 

-45.8 

817 

-10 

-53.0 

963 

-51.6 

929 

-49.5 

875 

Low  Relief  Terrain 


40 

-42.0 

418 

-41.8 

462 

-39.1 

483 

30 

-48.3 

683 

-46.5 

631 

-43.5 

627 

20 

-53.9 

971 

-52.2 

908 

-47.7 

768 

10 

-59.7 

1294 

-57.9 

1177 

-54.0 

992 

0 

-66.1 

1684 

-65.0 

1549 

-61.5 

1286 

-10 

-70.7 

1980 

-70.7 

1889 

-70.0 

1678 

Note:  Threshold  refers  to  C/N  ratio  for  hypothetical  radar  system. 
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DISCUSSION 


C. R.  PHILBRICK 

Please  comment  on  the  frequency,  type,  and  accuracy  of  the  meteorology  measurements  that  you 
used  as  input  to  your  model  calculations.  Could  your  observation  about  the  differences  between 
the  measured  and  modelled  radar  coverage  have  been  due  to  the  spatial  or  temporal  resolution 
of  the  meteorology  data  set  that  was  input  to  the  model? 

AUTHOR’S  REPLY  I’d  like  to  refer  the  question  to  Dan  Dockery  who  was  responsible  for 
the  measurements. 

D.  DOCKERY 

Helicopter-based  atmospheric  measurements  were  made  between  the  ship  and  a  point  20  km 
inland  from  the  coast.  These  were  high  resolution  measurements  made  within  30  minutes  of  the 
presented  radar  data.  Standard  atmosphere  conditions  were  measured  throughout  this  test  and 
were  used  in  the  analysis.  The  confidence  that  the  data  discrepancies  are  not  caused  by 
refraction  is  high. 
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John  Cook,  Gerard  Vogel  and  Gary  Love 

Naval  Research  Laboratory 
Marine  Meteorology  Division 
7  Grace  Hopper  Avenue 
Monterey,  CA  93943-5502 
USA 


ABSTRACT 

The  emerging  new  standard  in  the  U.S.  Navy  for  range- 
dependent  radio  propagation  assessment  is  the  Radio 
Physical  Optics  (RPO)  model  developed  at  the  Naval 
Command,  Control  and  Ocean  Surveillance  Center, 
RDT&E  Division  (NRaD).  RPO  allows  one  to  compute 
the  expected  radio  propagation  loss  field  as  a  function  of 
height  along  a  desired  bearing,  provided  the  atmospheric 
propagation  conditions  are  specified  along  the  path.  This 
paper  describes  an  architecture  being  developed  to 
operationally  support  RPO.  In  developing  this 
architecture,  a  number  of  unique  constraints  and 
considerations  have  been  dealt  with  to  provide  RPO  with 
cross-sections  of  atmospheric  propagation  conditions. 
First,  forecast  grids  from  a  mesoscale  weather  data 
assimilation/prediction  model  are  accessed  to  provide  the 
best  estimate  of  the  current  and  future  refractive  and 
meteorological  conditions  over  the  area  of  interest. 
Based  on  conditions  near  the  surface,  high-resolution 
profiles  of  refractivity  in  the  evaporation  duct  are 
calculated  and  appended  onto  the  bottom  of  the  model 
forecast  profiles.  This  completes  the  specification  of 
refractivity  down  to  the  sea  surface.  These  refractivity 
profiles  are  then  processed  by  a  unique  algorithm  that 
matches  similar  refractivity  structures  from  profile-to- 
profile  and  reformats  the  data  to  support  the  indexing 
scheme  required  by  RPO.  After  RPO  has  been  run,  the 
propagation  loss  results  can  be  displayed  and  thresholded 
to  provide  expected  coverage  against  specific  targets.  An 
example  will  be  shown  where  multiple  RPO  runs  are 
used  to  suggest  positioning  of  available  assets  to 
maximize  coverage. 

1.  INTRODUCTION 

The  atmosphere  significantly  affects  electromagnetic 
(EM)  propagation,  particularly  when  strong  vertical 
temperature  and  humidity  gradients  are  present. 
Anomalous  propagation  conditions,  such  as  trapping 
layers,  can  greatly  enhance  detection  and  reception 
ranges,  but,  because  of  the  concentration  of  energy  by 
the  layer,  detectability  in  areas  adjacent  to  the  layer  can 
be  significantly  reduced.  Atmospheric  data  defining 
these  layers  are  sparse  over  marine  regions.  However, 
recent  advances  in  the  development  of  numerical  weather 
prediction  models  are  encouraging  the  use  of  gridded 
forecast  data  for  propagation  assessment  because  these 
models  have  shown  promise  in  forecasting  such  features 
(Burk  et  al.,  1994  and  Thompson  et  al.,  1994). 


Recently,  RPO,  a  range  dependent  propagation  model, 
has  been  developed  which  overcomes  the  high 
computational  burden  traditionally  associated  with  the 
solution  to  the  EM  parabolic  equation  (Hitney,  1992). 
Reliable  refractivity  fields  are  required  as  input  to  RPO. 
Observing  refractivity  using  radiosonde  profiles  provides 
good  vertical  resolution,  but  lacks  horizontal  coverage. 
Conversely,  satellite  remote  sensing  techniques  provide 
good  areal  coverage,  but  have  poor  vertical  resolution. 
Boundary  parameters,  however,  such  as  sea  surface 
temperature,  can  be  measured  accurately  using  remote 
sensing  techniques.  These  measurements  can  be 
integrated  with  other  observations  to  develop  a  realistic 
representation  of  the  atmosphere  using  a  numerical 
weather  prediction/data  assimilation  system.  Such  a 
system  periodically  updates  a  short-term  model  forecast 
using  local  data  to  produce  meteorological  fields 
(including  refractivity)  that  are  consistent  with  known 
physical  relationships.  Levy  and  Craig  (1991)  have 
demonstrated  that  the  UK  Meteorology  Office  mesoscale 
model  is  capable  of  providing  these  refractivity  forecasts 
and  this  has  fueled  development  of  a  linkage  between  a 
Navy  mesoscale  weather  prediction  model  and  RPO. 
Automated  data  processing  of  the  linked  mesoscale  model 
output  and  RPO  allows  multiple  runs  with  variable 
parameters  which  can  be  used  to  suggest  positioning  to 
maximize  coverage  and  to  anticipate  changes  of  radar 
settings  and  thresholds. 

2.  DESCRIPTION  OF  THE  ARCHITECTURE 

The  architecture  being  developed  and  tested  to  run  RPO 
operationally  starts  with  a  refractivity  data  base  over 
marine  areas  produced  by  a  high  resolution  mesoscale 
weather  prediction  model.  Preprocessing  software 
extracts  refractive  cross  sections  from  the  data  base  along 
propagation  radials  and  then  combines  the  model  profiles 
with  very  high  resolution  near-surface  refractivity 
profiles  representative  of  the  surface  evaporation  duct. 
These  combined  refractivity  profiles  are  then  processed 
by  a  unique  algorithm  that  matches  refractivity  structures 
in  adjacent  profiles  that  result  from  common  layers. 

2.1  Mesoscale  Model 

The  mesoscale  weather  prediction  model  used  here  to 
provide  the  data  sets  of  atmospheric  parameters  is  a 
version  of  the  Navy  Regional  Operational  Atmospheric 
Prediction  System  (NORAPS)  described  by  Hodur 
(1987).  NORAPS  is  run  operationally  at  the  Fleet 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
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13-2 


Numerical  Meteorology  and  Oceanography  Center 
(FNMOC)  using  boundary  conditions  supplied  from  the 
Navy  global  model.  A  NORAPS  domain  may  be  1000 
to  3000  km  on  a  side.  Typically,  for  data  assimilation 
and  forecasting  in  support  of  refractivity,  the  version  of 
NORAPS  that  is  run  includes  a  high  resolution  vertically- 
nested  grid  and  second-order  closure  boundary  layer 
physics  (Burk  and  Thompson,  1989).  In  the  mesoscale 
data  assimilation  scheme,  the  previous  model  forecast  is 
used  as  a  starting  point  and  observed  data  is  then 
incorporated  in  order  to  initialize  the  next  model 
forecast.  In  this  way,  details  of  atmospheric  structure 
are  maintained  from  one  model  forecast  to  the  next  and 
are  modified  using  available  data.  This  process  is 
repeated  periodically  to  maintain  an  updated  forecast 
based  on  the  most  current  conditions. 

2.2  Cross  Section  Extraction 

Figure  la  is  an  example  of  a  vertical  cross  section  of 
modified  refractivity  (a  series  of  M-unit  profiles  as  a 
function  of  range)  extracted  out  of  a  NORAPS  data  base. 
The  profiles  are  defined  at  the  horizontal  resolution  of 
the  model  (typically  20  km)  along  a  great  circle 
propagation  path  emanating  radially  from  the  transmitter 
at  an  arbitrary  azimuth.  Multiple  radials  around  the 
same  location  can  be  extracted  automatically.  In 
addition,  collocated  near-surface  values  of  air 
temperature,  dew  point  temperature,  wind  speed, 
pressure,  and  sea  surface  temperature  are  extracted  for 
input  to  the  evaporation  duct  profile  generation 
algorithm.  This  algorithm  is  based  on  the  method 
developed  in  Cook  and  Burk  (1992)  and  results  in 
detailed  (0.1  m  vertical  resolution)  model  profiles  of 
modified  refractivity  through  the  first  40  m  altitude  of 
the  marine  surface  layer.  This  high  resolution  profile  is 
then  sampled  and  interleaved  with  the  bottom  of  the 
corresponding  NORAPS  profile  to  create  a  combined 
profile.  As  shown  in  Figure  2,  the  computed 
evaporation  duct  height  defines  the  maximum  altitude 
extent  of  the  profile  sampling.  The  other  points  that  are 
sampled  are  at  0.1,  0.2,  0.5,  1,  2,  and  5  m  altitude,  and 
the  point  at  half  the  evaporation  duct  height  is  also 
sampled.  If  no  evaporation  duct  occurs  within  the  40  m 
altitude  range,  only  the  points  at  the  six  fixed  levels  are 
sampled.  Each  interleaved  profile  is  then  sorted  by 
height  and  duplicate  levels  removed.  Thus,  at  this  point, 
the  cross  section  may  consist  of  a  series  of  profiles  with 
varying  numbers  of  unique  vertical  levels.  Interleaving 
the  model  and  evaporation  duct  profiles  in  this  manner 
may,  however,  create  subtle  inconsistencies  in  the 
vertical  refractivity  gradients  of  the  combined  profiles. 
This  may  occur  because  the  model  fields  represent  a 
physically  consistent  integration  of  atmospheric  physical 
and  dynamic  processes,  while  the  evaporation  duct 
profiles  reflect  theoretical  expressions  valid  only  in  a 
homogeneous,  steady-state,  surface  layer.  Methods  of 
reducing  the  inconsistencies  in  the  refractivity  gradients 
are  currently  being  assessed. 


2.3  Refractivity  Structure  Matching  Algorithm 
(RSMA) 

To  prepare  the  combined  refractivity  cross  sections  for 
RPO,  RSMA  was  developed  by  Vogel  (1991).  After 
processing  by  RSMA,  the  cross  sections  meet  two 
important  RPO  input  data  requirements:  a)  every  profile 
has  the  same  number  of  levels,  and  b)  the  nth  level  in 
any  one  profile  is  matched  with  the  nth  level  in  all  the 
other  profiles.  The  matching  up  of  refractive  structures 
in  adjacent  profiles  that  result  from  common  layers  is 
accomplished  in  three  steps.  First,  each  point  on  each 
M-unit  profile  is  categorized  as  being  one  of  31 
structural  types,  based  on  the  refractivity  gradients  above 
and  below  the  point,  and  the  change  of  these  gradients 
across  the  point.  The  first  and  last  points  of  each  profile 
are  assigned  the  same  structural  type  category  to  ensure 
that  the  tops  and  bottoms  of  all  profiles  are  always 
matched  up. 

Figure  lb  shows  the  results  of  the  next  step  where  the 
primary  structural  type  categories  in  adjacent  profiles, 
within  physically  reasonable  bounds  (i.e.,  an  altitude 
window),  are  matched  up  based  on  a  hierarchical 
classification  scheme  containing  114  paired  structure 
types.  The  categories  are  ordered  in  such  a  way  that 
structures  considered  most  likely  to  affect  propagation 
are  matched  first.  Many  possible  pairings  are  considered 
minor  and  are  not  used  in  RSMA. 


all  144  hierarchical  categories  at  each  point  in  each 
profile  by  scanning  the  portion  of  the  next  down  range 
profile  within  a  computed  altitude  window  for  the 
appropriate  match.  The  size  of  the  window  is  dependent 
on  both  the  distance  between  profiles  and  the  altitude  of 
the  point  being  matched.  If  more  than  one  match  is 
found  within  the  altitude  window,  then  the  point  in  the 
down  range  profile  nearest  in  altitude  is  chosen.  Above 
about  1000  m,  the  vertical  resolution  of  NORAPS 
exceeds  the  window  size  and  sloping  layer  connections 
are  not  allowed.  After  each  point  of  each  profile  is 
checked,  the  next  hierarchical  category  is  considered. 
Since  this  is  an  iterative  scheme,  already  matched  profile 
pairs  limit  subsequent  matching  opportunities  by 
restricting  the  upper  or  lower  bounds  of  the  down  range 
altitude  window.  This  restricts  layers  from 
unrealistically  crossing  each  other. 

The  final  step  in  RSMA  pairs  up  all  the  points 
unmatched  after  the  primary  matching.  This  secondary 
matching  process  sweeps  through  the  profiles  twice,  first 
down  range  and  then  back.  All  available  unmatched 
points  between  primary  matched  levels  are  paired,  with 
points  closest  in  relative  altitude  between  the  primary 
matched  points  paired  first.  As  shown  in  Figure  lb,  not 
all  profiles  have  the  same  number  of  unmatched  points 
between  primary  matched  pairs.  During  the  sweeps 
through  the  profiles,  if  the  number  of  unmatched  points 
in  the  two  profiles  are  not  the  same,  proportionally 
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spaced  points  are  interpolated  into  the  profiles. 
However,  because  of  the  limitations  imposed  by  the 
primary  matched  layers,  this  process  can  generate  more 
unmatched  points.  By  sweeping  through  the  profiles 
twice,  in  opposite  directions,  the  excess  points  get  paired 
with  interpolated  points  during  the  second,  reverse,  pass. 
In  this  manner,  all  the  profiles  end  up  with  the  same 
number  of  points  with  the  nth  level  in  any  one  profile 
matched  to  the  nth  level  in  all  the  other  profiles.  Figure 
lc  shows  the  results  of  RSMA  after  both  primary  and 
secondary  matching.  When  RPO  interpolates  the 
refractivity  at  intermediate  ranges,  it  does  so  within  the 
bounding  quadrilaterals  defined  by  the  solid  and  dashed 
lines  connecting  points  with  the  same  index  between 
profiles. 

At  this  point,  the  refractivity  data  are  ready  for  input  into 
RPO.  RPO  also  requires  information  about  the 
transmitter  characteristics,  such  as  frequency, 
polarization,  antenna  height,  beam  pattern,  beam  width, 
and  elevation  angle.  These  data  are  supplied  from  a 
small  file  keyed  to  an  identifier  associated  with  a 
particular  transmitter.  Figure  3  is  an  example  of 
propagation  loss  computed  by  RPO  along  radials  in  the 
four  cardinal  directions  about  a  common  location, 
simulating  an  antenna  scanning  in  azimuth.  A  trapping 
layer  that  rises  and  strengthens  locally  from  southwest  to 
northeast  results  in  extended  ranges  along  the  north  and 
east  radials. 

3.  EXAMPLE  APPLICATION 

For  the  purposes  of  demonstrating  the  application  of 
automated  data  extraction  and  RPO  execution  described 
above,  the  following  scenario  was  developed  which 
highlights  radar  detection  of  incoming  missiles  and 
provides  recommendations  for  optimal  sensor  platform 
placement. 

3.1  Scenario 

Figure  4a  shows  the  location  of  the  scenario  in  the 
littoral  region  off  the  coast  of  California,  as  might 
represent  an  actual  naval  exercise.  The  circle  labeled 
"Aircraft  Carrier"  represents  one  high-value  unit  plus 
unmodeled  escort  and  support  ships  gathered  offshore. 
Two  screen  ships  (represented  by  the  crossed  arrows)  are 
placed  between  the  fleet  and  the  shore,  to  protect  against 
shore  launched  or  air  launched  missiles  threatening  the 
fleet.  The  assigned  screen  ship  positions  are  100  to  130 
km  offshore  with  an  intership  distance  of  275  km.  To 
remain  covert,  the  high  value  unit  does  not  use  its  radars 
to  search  for  threat  missiles,  it  relies  on  the  screen  ships 
for  initial  detection. 

The  threat  is  modelled  as  a  uniform  target  originating 
from  the  line  between  37. 2N  121. 8W  and  41. 7N 
125. 1W,  travelling  at  250  ms"1,  at  an  altitude  of  100  m, 
in  the  direction  of  the  high-value  unit  assumed  to  be  at 
37. 5N  126.5W.  The  shaded  area  corresponds  to  the 
threat  probability  at  six  minutes  into  the  simulation. 


Darker  shading  is  higher  probability.  The  radar  search 
is  limited  to  the  region  between  missile  launch  and  185 
km  from  the  high  value  unit.  The  185  km  safe  range 
constraint  is  the  closest  point  of  approach  to  the  high 
value  unit  required  for  threat  detection  to  ensure  adequate 
defense. 

3.2  Environmental  Situation 

The  surface  analysis  shows  a  trough  and  weak  cold  front 
approaching  the  northern  California  coast  with  the  axis 
of  the  trough  well  to  the  west.  In  terms  of  refractive 
conditions,  in  the  air  ahead  of  the  front  an  inversion 
capped  boundary  layer  has  developed.  The  temperature 
and  humidity  gradients  associated  with  the  inversion 
cause  strong  trapping  below  about  200  m.  Near  the 
coast  the  boundary  layer  is  deeper  and  well  mixed  with 
a  weak  inversion  and  trapping  layer  causing  elevated 
ducting  at  about  375  m. 

3.3  Homogeneous  Conditions 

Typically,  a  single  radiosonde  acquired  at  the  location  of 
the  high  value  unit  is  used  to  measure  the  atmosphere  at 
one  point  and  then  that  environment  is  assumed  to  exist 
everywhere  throughout  the  region  of  interest.  Figure  4b 
is  a  map  showing  the  combined  cumulative  probability  of 
detection  (POD)  of  the  threat  missiles  at  an  altitude  of 
100  m  when  the  forecast  refractivity  profile  from 
NORAPS  at  the  high  value  unit  is  assumed  to  apply 
everywhere.  Therefore,  RPO  calculated  propagation  loss 
for  the  radars  on  both  screen  ships  assumes  the  same 
refractive  structure.  A  simple  model  is  used  to  relate  the 
loss  values  to  the  cumulative  POD  of  the  missiles  at  the 
specified  185  km  safe  range.  This  prediction  shows  that 
adequate  detection  exists  for  all  possible  areas  of  the 
threat  (the  dark  shaded  area  corresponds  to  greater  than 
90%  cumulative  POD),  but  is  erroneous  because  the 
refractive  conditions  are  not  homogeneous. 

3.4  Heterogeneous  Conditions 

In  this  assessment,  the  NORAPS  data  are  used  to 
construct  fully  3-D  heterogeneous  propagation 
assessments  around  each  of  the  two  screen  ships.  The 
map  of  Figure  4c  again  shows  the  combined  cumulative 
POD  of  the  missiles  for  the  two  screen  ships.  The  poor 
detection  effectiveness,  especially  on  the  part  of  the 
southern  most  ship,  provides  a  serious  coverage  gap 
through  which  missiles  could  easily  approach  within  100 
km  or  less  of  the  high  value  unit,  without  detection. 
This  is  due  to  the  different  atmospheric  propagation 
conditions  between  the  main  fleet  location  and  the  screen 
ships.  The  cumulative  POD  for  the  missiles  is  0.62  for 
these  screen  ship  positions. 

3.5  Optimized  Positions 

An  iterative  computer  algorithm  was  used  to  determine 
the  optimum  positions  of  the  two  screen  ships  given  the 
line-of-threat  and  heterogeneous  environmental  conditions 
forecast  by  NORAPS.  Figure  4d  shows  the 
recommended  positions  which  are  farther  offshore  and 
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the  southern  ship’s  position  is  much  farther  north.  This 
moves  both  ships  back  into  a  region  where  conditions  are 
much  more  favorable  for  detecting  the  threat.  The 
cumulative  POD  for  the  missiles  has  been  increased  from 
0.62  to  0.92. 

4.  SUMMARY 

This  paper  showed  how  output  from  a  mesoscale  weather 
prediction  model  could  be  used  to  forecast  atmospheric 
refractivity  and  provide  input  to  the  RPO  model.  The 
architecture  being  developed  to  automatically  sample  the 
data  base,  process  the  data  by  appending  the  evaporation 
duct  profile  near  the  surface  and  linking  up  common 
refractive  layers  from  profile-to-profile  was  discussed. 
An  example  showing  the  coupling  of  mesoscale  weather 
forecast  data  to  RPO  and  optimizing  screening  ship 
locations  based  on  the  heterogeneous  refractive 
conditions  illustrated  the  impact  that  the  complex  coastal 
environment  can  have  on  propagation  predictions. 
Applications  such  as  this  provide  insight  into  atmospheric 
effects  and  propagation  subtleties  which  would  otherwise 
be  extremely  difficult  to  comprehend,  and  can  benefit 
decision  makers.  An  initial  operational  demonstration  of 
this  architecture  is  scheduled  to  be  conducted  in  early 
1995,  with  RPO  being  run  on  board  ship.  The 
environmental  data  base  used  will  be  created  by 
analyzing  local  data  using  the  NORAPS  forecasts  as  a 
first  guess.  The  demonstration  is  designed  to  test  all  of 
the  functional  components  described  above  in  addition  to 
operational  computational  and  communications  resources. 
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Figure  1 .  A  height-range  cross  section  of  NORAPS 
forecast  M-unit  refractivity  that  has  been  blended  with 
high  resolution  profiles  in  the  evaporation  duct.  The 
profiles  are  spaced  20  km  apart,  which  also  corresponds 
to  50  M-units.  The  logarithmic  vertical  scale  is  used  to 
exaggerate  the  lower  region  for  clarity,  (a)  Profiles 
before  processing  by  RSMA.  (b)  Profiles  with  primary 
matched  layers  connected  by  solid  horizontal  lines,  (c) 
Profiles  with  primary  and  secondary  (dashed  lines) 
matched  layers,  including  interpolated  points. 


Modified  Refractivity  (M-units) 


Figure  2.  Two  examples  of  evaporation  duct  profile  data 
(open  triangles)  interleaved  with  NORAPS  forecast 
refractivity  data  (filled  circles),  (a)  A  7  m  evaporation 
duct  height  (EDH)  where  all  the  points  occur  below  the 
lowest  NORAPS  level,  (b)  A  14  m  EDH  where  the 
highest  point  occurs  between  two  NORAPS  levels. 
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Figure  3.  The  predicted  propagation  loss  from  RPO  for  four  radial  cross  sections  about  a  common  location  (from  Love 
and  Cook,  1994). 
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the  two  screen  ships  of  the  threat  missiles  at  185  km  from  the  target  assuming  homogeneous  environmental 
conditions  based  on  the  profile  at  the  target,  (c)  Heterogeneous  environmental  conditions  from  NORAPS  used  at  the 
locations  of  the  screen  ships,  (d)  Optimized  ship  locations  including  heterogeneous  environmental  conditions. 
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DISCUSSION 


M.F.  LEVY 

How  do  you  merge  evaporation  duct  data  with  upper-air  data?  In  particular  what  happens  if  a 
surface  duct  is  present? 

AUTHOR’S  REPLY 

If  a  local  minimum  is  found  in  the  M-unit  refractivity  profile  in  the  lowest  40  m  then  the 
evaporation  duct  profile  is  merged  with  the  meso-scale  model  data.  If  the  stability  is  such  that 
no  minimum  is  found  below  40  m  (for  example,  if  a  deep  surface  duct  is  present),  then  the 
evaporation  duct  profile  is  not  merged  with  the  meso-scale  model  data.  The  evaporation  duct 
algorithm  is  self-contained  and  has  error  checks  so  the  developmental  assumptions  are  not 
violated. 
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in  Coastal  Environments 

Denis  Dion 

Defence  Research  Establishment  Valcartier 
P.O.  Box  8800,  Courcelette,  Quebec 
Canada  GOA  1R0 


1.  SUMMARY 

Atmospheric  refraction  can  significantly  affect  the 
detection  range  performances  of  electro-optical  (EO) 
systems  against  low-level  targets  in  coastal  environments. 
Negative  air-sea  temperature  difference  (ASTD)  conditions, 
which  produce  subrefraction,  impose  an  absolute  limit  of 
detection  range  shorter  than  the  terrestrial  horizon,  while 
positive  ASTD  conditions,  which  produce  superrefraction, 
allow  radiation  to  propagate  beyond  the  horizon.  For 
subrefraction  conditions,  an  approximate  formula  is  given 
for  estimating  the  detection  range  limit  as  a  function  of 
ASTD,  wind  speed  and  sensor-target  elevations.  Under 
superrefraction,  the  detectability  is  degraded  by  the 
refraction-induced  ray  spreading  near  the  sea  surface.  This 
refraction  loss,  which  depends  on  the  weather  conditions 
and  the  sensor-target  elevations,  is  discussed. 

2.  INTRODUCTION 

Under  nonrefractive  conditions  -  where  the  index  of 
refraction  of  air  can  be  considered  invariant  -  EO  radiation 
follows  straight-line  trajectories,  and  thence,  the  maximum 
detection  ranges  are  limited  by  the  terrestrial  horizon. 
However,  most  of  the  time,  the  index  of  air  rapidly  varies 
with  elevation  near  the  sea  surface  and,  depending  on  the 
conditions,  this  variation  can  significantly  affect  the 
detection  range  performances  of  EO  systems  due  to  the 
bending  of  rays,  as  introduced  by  Dion  and  Leclerc  few 
years  ago  [1]. 

In  the  marine  surface  layer,  the  vertical  variation  of  the 
index  dominates,  and  in  most  cases  the  horizontal 
variations  can  be  neglected  over  the  EO  detection  ranges. 
The  refraction  conditions  can  be  divided  into  two  families 
which  are  characterized  by  the  sign  of  the  vertical  index 
variation  (gradient)  at  the  sea  surface:  subrefraction 
conditions,  when  the  gradient  is  positive,  and 
superrefraction  conditions,  when  the  gradient  is  negative. 
Figure  1  shows  ray  diagrams  for  EO  systems  under  typical 
sub-  and  superrefraction  conditions.  The  dashed  line  shows 
the  range  limitation  due  to  the  earth  curvature  (versus  target 
height),  hereafter  denoted  horizon-limited  range  (HLR). 
For  a  given  sensor  and  target  height,  HLR  can  be  obtained 
using: 

HLR  =V2^[V*7  +  Vvlxl0-3 
=  3.57  [V/i7  +  V/i/] 

where  HLR  is  expressed  in  kilometers  while  the  sensor 
height  hs,  the  target  height  ht  and  the  earth  radius  a  are 
expressed  in  meters  (a  ~  6  370  000  m)  [2]. 


As  shown  in  Fig.  1,  under  subrefraction,  the  upward 
bending  of  the  radiation  imposes  an  absolute  limit  of 
detection  range  shorter  than  HLR.  In  contrast,  under 
superrefraction  conditions,  the  rays  are  bent  downward, 
making  possible  detection  of  targets  well  beyond  the 
horizon.  The  ray  crossing  and  the  caustic  observed  in  the 
subrefraction  diagram  are  due  to  the  exponential  nature  of 
the  index  gradient  near  the  surface  [1]. 

In  the  IR  and  the  visible,  the  index  gradient  of  air  is 
dominantly  dependent  upon  the  temperature  gradient  in  the 
operational  windows  of  EO  systems  (where  absorption  is 
low).  As  the  index  gradient  is  inversely  proportional  to 
the  temperature  gradient,  negative  temperature  gradients 
produce  subrefraction,  whereas  positive  temperature 
gradients  produce  superrefraction.  The  negative  surface 
temperature  gradient  conditions  (subrefraction)  are  by  far 
the  most  frequent  ones  in  open  sea.  In  coastal 
environments,  they  normally  prevail  when  maritime  air  is 
present  (e.g.  when  the  atmospheric  conditions  are  driven 
by  the  sea  wind).  The  positive  surface  temperature 
gradients  (superrefraction)  are  infrequent  on  a  world  average 
basis.  However,  near  the  coasts,  depending  on  the  region 
of  the  world  and  the  season,  their  occurrence  can  be  very 
significant  when  the  air  mass  is  continental;  more 
precisely,  they  are  likely  to  occur  when  warm  continental 
air  is  blown,  from  the  land,  over  cool  water. 

In  this  paper,  the  effects  on  detection  range  performances 
are  discussed  separately  for  the  two  families  of  conditions, 
starting  with  subrefraction.  Under  subrefraction 
conditions,  good  estimates  of  the  refraction-limited  ranges 
can  be  obtained  using  approximate  formulae  fitted  on 
calculated  values.  A  formulae  expressed  as  a  function  of 
ASTD  and  wind  speed  is  presented  in  Section  3.  In  Section 
4,  the  loss  of  detectability  produced  by  refraction  under 
superrefraction  is  discussed. 

3  .  MAXIMUM  INTER-VISION  RANGES  UNDER 
SUBREFRACTION  CONDITIONS 
For  subrefractive  conditions,  we  use  the  expression 
maximum  inter-vision  range  (MIVR)  to  denote  the  absolute 
detection  range  limit  imposed  by  refraction  for  a  given 
sensor  and  target  height.  In  Fig.  1,  the  caustic  boundary 
constitutes,  at  the  same  time,  the  MIVR  versus  target 
height  curve.  EO  detection  beyond  these  ranges  is 
physically  impossible  as  no  rays  can  go  beyond.  In  a 
nonrefractive  atmosphere,  the  MIVRs  would  correspond 
exactly  to  the  HLRs  (see  Fig.  1). 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  ‘‘Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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Using  the  air-sea  temperature  difference  (ASTD)  to  simply 
characterize  the  atmosphere's  vertical  temperature 
variation,  Fig.  2  shows  the  MIVR  variation  relative  to  HLR 
with  respect  to  ASTD  for  various  wind  speeds.  These 
results  are  for  a  sensor  and  a  target  located  10  m  above  the 
sea  surface.  As  given  by  (1),  in  this  case,  the  HLR  is 
22.6  km.  In  the  graphic,  the  points  were  obtained  by  using 
the  Canadian  WKD  marine  boundary  layer  model  [2]  -  a 
model  which  gives  vertical  refractivity  profiles  -  in 
conjunction  with  ray  tracing.  The  relative  humidity  is 
taken  to  be  80%  and  the  reference  heights  for  the 
temperature  and  wind  speed  are  12  and  19.5  m, 
respectively,  which  correspond  to  the  standard 
measurement  elevations  on  board  a  ship.  The  graphic 
shows  that  significant  decrease  of  detection  range  can  be 
caused  by  refraction  when  ASTD  and  wind  speed  are 
relatively  large;  for  instance,  as  shown  in  the  figure,  for 
the  geometry  considered,  the  detection  range  limit  is  about 
22%  of  HLR  (thus  MIVR  =  .22  x  HLR  =  17.6  km)  when 
ASTD  is  -4  °C  and  the  wind  speed  is  15  m/sec. 

The  WKD-based  predictions  of  MIVRs  have  so  far  proved 
appreciably  accurate  over  a  diversity  of  ASTD,  wind  speed 
conditions  and  target-sensor  elevations  [4]  [5].  The  MIVR 
predictions,  as  shown  in  Fig.  2,  can  be  considered  valid  for 
low-level  targets  unless  the  atmosphere  is  highly 
inhomogeneous  along  the  propagation  path.  In  most 
cases,  the  horizontal  variations  of  the  atmospheric 
conditions  over  refraction-shortened  detection  ranges  are 
not  likely  to  significantly  affect  MIVR  predictions.  In 
Ref.  [5],  predictions  made  using  a  single  vertical  index 
profile  proved  satisfactorily  accurate  even  under  the 
experimented  inhomogeneous  conditions.  The  MIVR 
predictions  shown  in  Fig.  2  apply  in  the  visible  as  well  as 
in  the  IR  3-5  and  8-12  pm  windows  as  the  refractivity 
gradients  can  be  considered  constant  over  the  operational 
wavebands  of  EO  systems. 

In  Fig.  2,  one  notes  that  MIVRs  slightly  greater  than  HLR 
are  obtained  for  0  °C  ASTD.  This  light  superrefraction 
effect  is  due  to  the  atmospheric  pressure  gradient  [1].  We 
also  note  that  MIVR  variations  tend  to  converge  as  the 
wind  speed  increases.  Although  not  shown  in  Fig.  2,  the 
MIVRs  become  almost  invariant  with  respect  to  wind  for 
speeds  greater  than  15  m/sec.  Furthermore,  we  note  that 
the  MIVR  variations  can  be  as  much  sensitive  to  wind  as  to 
ASTD  depending  on  the  conditions. 

The  apparent  smooth  parabolic-like  MIVR  variations 
observed  versus  ASTD  for  the  different  wind  speeds  allows 
one  to  derive  approximative  formulae  for  estimating 
MIVR.  Curves  in  Fig.  2  are  polynomial  fits  on  MIVR 
calculations  for  the  different  wind  speeds  considered.  In  a 
second  step,  fits  can  be  performed  over  wind  speeds  to 
obtain  the  coefficients  of  the  MIVR-versus-ASTD  functions 
for  any  wind  speed.  This  second  fit  (over  wind  speeds) 
includes  a  difficulty  due  to  the  discontinuity  caused  by  the 
crossing  of  MIVR  curves  at  mid-wind  velocity  (about 
9.5  m/sec)  for  low  ASTDs,  as  observed  in  Fig.  2. 

Having  a  MIVR  solution  for  one  sensor-target  geometry, 
the  MIVRs  for  any  sensor  height-target  height 
combinations  can  be  found  by  exploiting  the  near-linear 
variation  of  MIVR  with  respect  to  the  height  parameter,  H : 


h  =  Va7+V*7  (2) 

where  hs  and  ht  are  the  sensor  and  the  target  heights 
expressed  in  meters,  respectively.  This  linear  variation  is 
shown  in  Fig.  3  a  and  b  which  present  MIVR  with  respect  to 
H  for  various  ASTDs  and  wind  velocities.  Figure  3b,  which 
shows  the  curves  against  normalized  axis,  outlines  the 
discrepancies  between  slopes.  The  slope  variation  can  lead 
to  significant  MIVR  differences  for  large  AH s,  and  thence, 
it  must  be  taken  into  account  in  the  calculations  of  MIVRs. 

Therefore,  one  can  look  for  describing  MIVR  variations 
under  subrefraction  conditions  with  a  function  of  ASTD  and 
wind  velocity  (neglecting  the  pressure  and  humidity 
gradient  effects)  borrowing  the  form  of  the  effective-earth- 
radius  expression  originally  developed  for  RF  applications 
[2].  However,  unlike  the  original  form  which  was  derived 
assuming  linear  index  gradients,  a  factor,  r,  is  required  to 
account  for  the  sensor  height-target  height  geometry  effect 
discussed  above.  Thence,  the  general  expression  for  MIVR 
can  write: 

MIVR  =  K0.  /  1  ■■■—  •  I\H,  A,  a>)  (3) 

V  I  +  <P(A,  co) 

where  MIVR  is  expressed  in  kilometers,  A  is  ASTD  in 
degrees,  co  is  the  wind  speed  in  m/sec,  H  is  given  by  (2)  and 
Ko  is  a  constant  =  22.405.  Expressions  for  <P  and  T  are 
given  in  APPENDIX. 

Figure  4  exhibits  the  distribution  of  the  errors  obtained 
running  the  proposed  expression  (3)  over  200  cases,  for 
ASTDs  ranging  from  0  to  -8  degrees;  wind  speeds  ranging 
from  1  to  20  m/sec  and  for  sensor  and  target  heights  going 
from  5  to  20  m.  We  note  that  errors  obtained  are  less  than 
0.4  km  in  90  %  of  the  cases  considered.  This  accuracy  is 
certainly  sufficient  for  EO  system  studies  where  other 
factors,  often  more  significant  factors,  are  much  less 
accurately  known  (e.g.  transmittance,  sea  and  sky 
background  radiances,  etc.).  It  is  interesting  to  note  that 
0.5  km  corresponds  approximately  to  the  predictions 
errors  obtained  from  the  MAPTIP  experiment  under  the  best 
conditions  [5];  under  the  worst  horizontally  varying 
conditions  experimented  at  MAPTIP,  the  prediction  errors 
were  about  twice  greater.  Calculations  of  MIVRs  using  (3) 
can  be  very  useful  in  target  detection  simulations,  for 
instance,  for  screening  out  quickly  physically  undetectable 
targets  without  getting  through  profiles  computations  and 
ray  tracing. 

4  .  REFRACTION  LOSSES  UNDER 
SUPERREFRACTION  CONDITIONS 
Under  typical  superrefraction  conditions,  ray  diagrams 
show  virtually  no  distinct  range  limitations,  as  shown  in 
Fig.  1,  and  so  the  MIVR  concept  does  not  apply.  However, 
one  notes  that  the  ray  density  (thence,  the  intensity  of  the 
radiation)  decreases  rapidly  near  the  surface  from  about  the 
horizon,  which  produces  a  loss  of  detectability.  The  rate  of 
decrease  of  the  radiation  intensity  versus  range  depends  on 
the  refractive  conditions  and  the  sensor-target  elevations. 
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To  describe  this  refraction  loss,  one  can  define  a  new 
parameter,  hereafter  called  "refractance",  which  gives  the 
radiation  intensity  (due  to  the  geometrical  spreading) 
relative  to  1/R2,  which  is  normally  assumed  in  any  system 
studies.  Like  for  the  MIVR,  the  refractance  is  not 
wavelength  dependent.  In  the  calculation  of  subpixel 
target  detection,  one  can  show  that  the  refractance,  p, 
directly  affects  the  contrast,  C,  and  so  the  signal-to-noise 
ratio,  SNR: 

SNR  =-£-  =  p  +Np-Nb]  (4) 

NEI  R2 

where: 

NEI  is  the  noise  equivalent  irradiance  (W/m2/sr); 

A(  is  the  apparent  target  area  (m2); 

R  is  the  slant  range  between  detector  and  target  (m); 

Nt  is  the  attenuated  target  irradiance  (W/m2/sr); 

Np  is  the  path  radiance  (W/m2/sr);  and, 

Nb  is  the  attenuated  background  irradiance  (W/m2/sr). 

Figure  5  shows  the  refractance  versus  range  for  two 
different  superrefraction  conditions,  for  a  sensor  located 
22.5  m  above  water.  The  HLR  is  also  shown.  When 
refraction  is  neglected,  p  is  usually  considered  equal  to  1  for 
R  <  HLR  and  equal  to  0  for  R  >  HLR.  The  refractance  curves 
in  Fig.  5  were  obtained  using  WKD  in  conjunction  with  the 
DREV  ray  tracing  technique  which  incorporates  ray- 
intensity  calculation  [6], 

During  a  measurement  campaign  conducted  in  Sylt 
(Germany)  jointly  with  the  Netherlands  and  Germany  in 
June  1992,  tracking  of  targets  moving  away  from  the 
observer  was  experimented  under  the  conditions  considered 
for  the  solid  line  in  Fig.  5  [7],  The  arrow  indicates  where 
the  target  located  2.8  m  above  water  was  lost  during  the 
tracking  session.  Note  that,  in  this  case,  the  maximum 
detection  range  is  about  1.5  x  HLR,  which  is  significant. 
This  result  does  demonstrate  that  limiting  detection  at 
HLR,  as  it  is  usually  done  in  EO  system  studies,  may  lead  to 
excessively  pessimistic  performance  predictions, 
especially  for  coastal  environments  where  these  conditions 
can  be  frequent.  It  is  worth  mentioning  that  clear  and  warm 
weathers,  favorable  for  extended  detection  ranges, 
prevailed  during  daytime  for  more  than  8  consecutive  days 
during  the  Sylt  campaign  [8]. 

Figure  5  also  shows  the  refractance  under  a  different 
atmospheric  condition  (dashed  line)  where  the  refractance 
decreases  more  slowly.  One  shall  be  careful  in  interpreting 
these  curves  and  shall  not  conclude  that  the  maximum 
detection  range  would  be  necessarily  significantly  greater 
in  the  case  of  the  dashed  curve.  It  must  be  stressed  that  the 
graphic  presents  exclusively  the  effect  of  refraction. 
Radiation  that  reaches  low-level  targets  beyond  the 
horizon  has  to  propagate  very  near  the  surface  over  long 
distances,  and  so  the  detection  range  is  likely  to  be 
dominantly  dependent  upon  the  surface  aerosols  density 
under  most  conditions. 

A  rigorous  experimental  validation  of  refractance 
prediction  curves  is  difficult  and  tricky.  In  particular,  the 


assumption  of  horizontal  homogeneity,  which  is  made 
here,  may  lead  to  sizeable  errors  especially  when  long 
ranges  are  considered.  Evaluating  refractance  may  also 
imply  that  all  complementary  factors  affecting  the 
contrast,  especially  the  transmittance,  are  accurately 
known.  However,  the  over-spreading  of  rays  that  occurs 
near  the  surface  under  superrefraction  produces  an  image 
compression  and  the  compression  ratio  is  an  indirect, 
though  valid,  measurement  of  ray  intensity.  Although  very 
few  measurements  of  compression  ratio  have  been  made  so 
far,  they  have  been  in  agreement  with  predictions  when  the 
conditions  could  be  assumed  homogeneous.  An  example 
was  presented  by  Dion  et  al.  a  few  years  ago  [4], 

To  give  indications  of  the  refractance  variation  with 
respect  to  the  strength  of  the  superrefraction  conditions, 
Fig.  6  shows  the  predicted  ranges  where  the  refractance 
reaches  0.8  and  0.5,  respectively  under  various  ASTD  and 
wind  speed  conditions.  Note  that  some  refraction  losses 
are  obtained  at  ranges  less  than  the  horizon.  This  can  also 
be  observed  in  Fig  5.  Long  detection  range  capability  due 
to  refraction  implies  in  turn  some  losses  of  detectability  at 
shorter  distances. 

Plots  for  two  refractances,  as  given  in  Fig.  6,  inform  about 
the  rate  of  decrease  of  the  refractance  versus  range  with 
respect  to  the  ASTD  and  wind  speed  conditions.  We  see 
that  the  sensitivity  to  wind  increases  rapidly  with  ASTD. 
We  also  note  that,  as  the  wind  speed  decreases,  the 
potential-range  performances  increase  very  rapidly. 
However,  it  must  be  mentioned  that  the  stability  length, 
the  Monin-Obukhov  stability  length,  L,  which  can  be  seen 
as  a  measure  of  the  model  validity,  decreases  with 
decreasing  wind  speed.  In  Fig.  6,  curves  stop  at  conditions 
where  L  gets  lower  than  15  m;  this  is  an  arbitrary  criterion 
since  good  profile  predictions  can  be  obtained  for  lower  L 
values. 

The  effect  of  sensor  and  target  elevations  is  in  relation  to 
the  "optical"  duct  height.  As  defined  in  the  RF,  the  duct 
height  corresponds  to  the  elevation  where  the  modified  air 
refractivity  goes  to  a  minimum  (or,  in  other  words,  where 
its  gradient  passes  through  0).  Figure  7  shows  the  duct 
height  for  the  visible  and  the  IR  versus  ASTD  and  wind 
speed.  Here  again,  curves  stop  at  conditions  where  the 
stability  length  gets  lower  than  15  m.  Like  in  the  RF, 
better  refractance  performances  is  obtained  when  both  the 
sensor  and  the  target  are  below  the  duct  height.  However, 
one  notes  that,  for  EO  systems,  under  most  conditions  the 
duct  height  is  much  lower  than  the  sensor  heights  of 
interest  for  ship  defence  applications.  Moreover,  it  has  to 
be  mentioned  that  when  the  target  is  slightly  above  the 
duct,  where  a  "hole"  is  produced,  the  refractance  falls  off 
rapidly. 

5.  CONCLUSIONS 

In  coastal  environments,  the  near-sea  surface  refraction 
effects  on  detection  range  of  low-level  targets  can  be 
significant,  and  so,  techniques  are  required  to  efficiently 
take  them  into  account  in  the  calculation  of  detection  range 
performances  of  EO  systems.  Subrefraction  conditions, 
that  are  likely  to  occur  when  the  air  mass  is  maritime, 
induces  an  abrupt  detection  range  limit  which  can  be 
reliably  predicted  and  readily  estimated  using 
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approximative  formulae;  an  expression  was  derived  as  a 
function  of  ASTD  and  wind  velocity.  Warm  continental  air 
blowing  over  cool  coastal  water  can  produce 
superreffaction  which  can  lead  to  significantly  extended 
detection  range.  Under  these  conditions,  assuming  that  the 
detection  ranges  are  limited  by  the  horizon  (as  it  is  usually 
done)  can  greatly  underestimate  the  system  performances. 
The  use  of  "refractance"  has  been  proposed  to  take  into 
account  the  refraction  losses  under  superrefraction 
conditions  in  the  calculation  of  detection  ranges  of  EO 
systems. 
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where: 


a  =  -10'3  (2.159  +  8.4  log((o))  \co<  9.5  m/sec 
=  -10'2  (1.3921  -  0.037454  to)  9.5  m/sec 


(6) 


/J  =  -10'2(l.5  +  3.6m  -  0.19  co2) 
=  -10'1  (2.184  -  0.0098395  (o ) 


;ft>  <  9.5  m/sec 
;ft)£  9.5  m/sec 


(7) 


y=0 
=  -0.02 


;co  <  9.5  m/sec 
;coi  9.5  m/sec 


(8) 


where  A  is  the  air-sea  temperature  difference  in  degrees  and 
(0  is  the  wind  speed  in  m/sec.  For  wind  speeds  less  than  0.5 
m/sec,  the  value  0.5  m/sec  shall  be  used  in  the  calculation. 

In  (3),  the  function  J~,  which  accounts  for  the  effect  of  the 
sensor  and  target  heights,  is  given  by: 

r  =(//*-  i)(i.i  -  s  a)  +  i  (9) 

where: 

H*  =  —£!—  (10) 

6.3246 

where  H  is  given  by  (2)  and: 

S  =  0.0175  +  0.0375  [1  -  exp{-{(o-l)/2.5 )].  (11) 


7  .  APPENDIX:  APPROXIMATE  MIVR 
FUNCTION 

Under  subrefraction  conditions,  equation  (3)  can  be  used  for 
estimating  MIVR,  where: 

d>  =  aA2  +  PA  +y 


(5) 
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Fig.  2  -  MIVR  (relative  to  HLR)  versus  ASTD  for  different  wind  speed  conditions 
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Fig.  3  -  MTVR  with  respect  to  the  sensor-target  height  parameter  H  for  various  ASTD  and  wind  speed 
conditions;  the  wind  speed  (ws)  is  in  m/sec;  H  (10,10)  and  MIVR(10,10)  are  the  H  and  MIVR 
values  for  a  sensor  and  a  target  located  10  m  above  the  sea  surface 
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Fig.  4  -  Distribution  of  the  errors  obtained  using  the  approximate  MIVR  expression 
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Fig.  5  -  Refractance  versus  range  for  two  refractivity  conditions 
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DISCUSSION 


D.  DOCKERY 

You  have  discussed  cases  where  upward  ray  bending  causes  MIVRs  to  be  shorter  than  the 
geometric  horizon,  and  cases  where  downward  ray  bending  causes  propagation  beyond  the 
horizon.  Are  there  not  also  cases  between  these  two  extremes? 

AUTHOR’S  REPLY 

Under  non-refractive  conditions  (i.e.  when  the  refractive  index  of  air  can  be  considered  spatially 
invariant),  rays  are  straight  lines  and  MIVRs  correspond  to  the  geometrical  horizon.  Sub- 
refraction  (produced  when  ASTD  <  0  °C)  prevents  rays  from  reaching  the  horizon  due  to  the 
upward  bending  phenomenon.  When  the  ASTD  is  positive  (theoretically  for  an  ASTD  greater 
than  about  -0.5  °C  due  to  the  pressure  gradient  effect)  rays  go  beyond  the  horizon.  In  general, 
under  significantly  positive  ASTD  conditions,  propagation  well  beyond  the  horizon  is  made 
possible  and  the  MIVR  concept  does  not  apply;  in  this  case,  the  use  of  "refractance"  is  proposed 
to  describe  the  refraction  effects.  However,  for  slightly  positive  ASTD  conditions  (ASTD  ~ 
1.5°),  there  are  limit  conditions  which  make  the  evaluation  of  both  the  MIVR  and  the 
refractance  difficult  (potentially  inapplicable). 
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ABSTRACT 

A  comparative  transmissometer  has  been  developed  for  evaluat¬ 
ing  the  simultaneous  transmission  characteristics  for  near  ocean 
surface  transmissions  in  the  3-5  p m  and  8-12  pm  bands.  This 
transmissometer  is  a  special  purpose  instrument  designed  for 
simultaneously  measuring  the  changes  in  transmission  of  the  3-5 
pm  and  8-12  pm  transmission  bands.  The  transmissometer  has 
been  operated  over  the  San  Diego  Bay,  California,  to  determine 
the  transmission  characteristics  for  near  ocean  propagation 
paths.  Observed  propagation  characteristics  for  both  the  3-5 
pm  and  8-12  pm  bands  are  compared  and  discussed  as  a 
function  of  existing  sea  states  and  meteorological  conditions. 
The  observed  transmission  characteristics  for  the  two  wave 
bands  are  compared  with  LOWTRAN  calculations.  Rapid 
fluctuations  in  received  signal  strength,  their  power  spectra,  and 
correlation  coefficients  are  also  discussed. 

1.  INTRODUCTION 

With  the  present  interest  in  using  Forward  Looking  Infrared 
(FLIR)  detection  systems  within  the  marine  boundary  layer 
(MBL),  and  particularly  within  meters  of  the  ocean  surface,  it 
is  important  to  obtain  detailed  information  of  the  effects  of  the 
atmosphere  on  the  3-5  and  8-12  pm  FLIR  wavelength  bands. 
This  information  is  particularly  important  for  predicting  the 
performance  of  electro-optical  systems  operating  against  low 
flying  aircraft  and  surface  targets  when  approaching  from 
beyond  the  horizon.  The  Atmospheric  Transmission/Radiance 
computer  code,  LOWTRAN  [1,2],  is  the  primary  tool  used  for 
assessing  the  propagation  characteristics  of  EO  systems.  With 
the  inclusion  of  the  Navy  Aerosol  Model,  NAM  [3-10],  into 
LOWTRAN  6  [1]  and  an  upgraded  version  of  NAM  into 
LOWTRAN  7  [2],  users  are  now  able  to  determine  the  effects 
of  aerosols  on  EO  propagation  in  a  maritime  environment.  This 
model  has  proven  to  be  a  useful  tool  in  predicting  atmospheric 
transmission  in  the  marine  atmosphere  along  horizontal  paths  at 
shipboard  levels  (above  10  m).  Recent  studies  have  shown  that 
NAM  in  its  present  forms  should  not  be  extrapolated  into  the 
region  very  near  the  ocean  surface  (below  10  m)  for  predicting 
atmospheric  properties  [11,  12J.  This  marine  surface  layer 
(MSL)  is  largely  affected  by  the  local  sea  state,  meteorological 
conditions,  and  low  level  aerosol  generation  sources.  Of 
particular  concern  is  the  effect  on  infrared  transmission 
characteristics  due  to  the  MSL  meteorological  conditions  and 
the  whitecapping/surf  generated  aerosol. 

Transmission  characteristics  in  the  MSL  may  be  significantly 
different  from  that  within  the  MBL.  Experiments  are  needed 
to  determine  the  relative  advantages  of  the  3-5  and  8-12  pm 
systems  for  the  cases  of  extended  horizons  where  humidity  and 
aerosol  effects  can  be  the  determining  factors  in  system 
performance.  An  experimental  comparative  transmissometer 
has  been  developed  for  evaluating  the  simultaneous  transmission 
characteristics  for  near  ocean  surface  transmissions  in  the  near 
and  far  wavelength  bands.  It  is  a  special  purpose  instrument 
designed  for  simultaneously  measuring  the  relative  changes  in 
transmission  of  the  3-5  and  8-12  pm  atmospheric  transmission 
windows.  The  transmissometer  has  been  operated  during  an 
initial  observation  period  over  the  San  Diego  Bay,  San  Diego, 
CA.  The  design  of  the  comparative  transmissometer,  the  initial 
observations,  comparisons  with  LOWTRAN  calculations,  power 
spectral  analysis  of  the  3-5  and  8-12  pm  received  signals,  and 
the  resultant  near  surface  aerosol  modeling  effort  will  be 
discussed.  The  overall  objective  of  this  comprehensive 
investigation  is  to  determine  the  EO  propagation  characteristics 


in  the  MSL  from  fair  to  highly  disturbed  weather  and  on  all 
time  scales  from  milliseconds  to  seasons.  The  propagation 
characteristics  which  are  reported  in  this  paper  are  the  follow¬ 
ing: 

1.  Transmission  variations  in  the  3-5  and  8-12  pm  atmo¬ 
spheric  windows  (averaged  over  5  minutes)  compared  with 
in-situ  meteorological  data. 

2.  Observed  transmission  variations  in  the  3-5  and  8-12  pm 
bands  compared  to  LOWTRAN  calculations. 

3.  Correlation  between  the  received  3-5  and  8-12  pm 
rapidly  varying  signal  (averaged  over  10  milli-seconds),  and 
the  corresponding  3-5  and  8-12  pm  power  spectra. 


2.  INSTRUMENTATION 

The  prototype  of  a  "comparative  transmissometer"  has  been 
installed  and  operated  over  the  San  Diego  Bay.  The  path  length 
is  7  km  and  the  height  of  the  IR  source  and  receiver  is  3  and 
3.4  m  above  mean  sea  level,  respectively.  The  path  has  a 
southern  exposure  to  the  open  ocean  between  180°  and  270° 
(referenced  to  the  receiver).  The  geographical  location  of  the 
transmissometer  path  over  the  San  Diego  Bay  is  shown  in 
Figure  1.  A  block  diagram  of  the  transmissometer  is  shown  in 
Figure  2.  A  brief  description  of  the  design  criteria  and 
specifications  for  the  transmissometer  follows. 

Two  different  infrared  sources  were  used  with  the  comparative 
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Receiver  Transmitter 


recorded. 

The  effective  spectral  response  of  the  transmissometer,  Figure 
3,  is  dictated  by  that  of  the  sandwiched  detector  elements  (InSb 
and  MCT),  the  infrared  source,  and  the  atmospheric  transmis¬ 
sion.  The  spectral  response  of  the  present  system  is  therefore 
not  completely  uniform  over  the  spectral  bands  of  interest.  The 
response  of  the  InSb  and  MCT  detectors  lessen  the  amount  of 
the  2.3  pm  radiation  that  would  be  observed  in  the  3-5  and  8-12 
pm  channels. 

The  output  of  the  comparative  transmissometer  contains  the 
relative  changes  in  transmission  between  the  two  infrared  3-5 
and  8-12  pm  windows  for  a  specific  path  as  a  function  of 
meteorological  conditions.  Absolute  transmission  is  not  mea¬ 
sured  thus  avoiding  the  complexity  and  cost  of  making  absolute 
transmission  calibrations.  This  system  appears  adequate  for  the 
relative  comparisons  of  the  3-5  and  8-12  pm  signals  over 
extended  meteorological  conditions. 


Figure  2.  Comparative  transmissometer  block  diagram. 

transmissometer  at  different  times.  One  source  was  a  wide- 
angle  point  source  and  the  other  a  collimated  one.  The  wide- 
angle  point  source  (2  kw)  has  the  advantage  of  having  no 
pointing  requirements  and  a  guaranteed  uniformity  in  the  far 
field.  The  collimated  infrared  source  (10  watts)  consists  of  a 
wire  filament  encased  in  a  ceramic  housing  with  a  2  mm 
diameter  exit  aperture.  The  radiation  is  modulated  by  a 
conventional  chopper  at  200  Hz  for  both  sources.  The  collima¬ 
tor  consists  of  a  Newtonian  telescope  with  a  20  cm  f/6  parabol¬ 
ic  primary  mirror.  Both  sources  operate  at  a  temperature  of 
1200  °K.  The  mounting  platform  is  a  very  stable  robust 
structure  mounted  just  beyond  the  high  water  line  (Figure  1). 
The  radiant  and  mechanical  stability  of  the  IR  sources  is  such 
that  any  variations  in  the  received  signal  resulted  from  changes 
in  the  atmospheric  transmission,  not  changes  in  the  source.  It 
was  also  determined  that  moderate  wind  speeds  and  air  temper¬ 
ature  variations  have  negligible  effects  on  either  the  wide-angle 
or  the  collimated  source. 
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Figure  3.  Atmospheric  IR  transmissivity  and  instrument 
spectral  functions. 


The  IR  receiver  consists  of  a  20  cm  f/6  parabolic  primary 
mirror  Newtonian  telescope  fitted  with  a  1  mm  x  1mm  InSb/M- 
CT  sandwiched  detector.  A  sandwiched  detector  is  used  to 
guarantee  that  the  field  of  view  for  the  two  channels  is  identical 
and  that  all  the  received  signals  follow  the  same  propagation 
path  apart  from  any  differential  refraction  and  diffraction 
effects.  This  is  important  since  the  relative  changes  of  the  3-5 
and  8-12  pm  transmission  is  the  principal  output  of  the  instru¬ 
ment.  The  detectors  simulate  the  spectral  response  of  imaging 
devices  used  in  surveillance  operations.  The  receiver  dewer  has 
a  twelve  holding  time  for  the  liquid  nitrogen.  The  receiver  is 
mounted  on  a  stable  platform  and  bolted  to  concrete  pads  on  a 
rocky  shore  (Figure  1).  A  pointing  stability  of  than  one  milli- 
rad/month  is  obtained  with  this  mounting. 

Low  noise  preamplifiers  were  used  making  the  receiver  detector 
noise  limited.  The  amplifiers  are  tuned  to  200  Hz  to  match  the 
chopping  frequency  of  the  sources.  The  useful  dynamic  range 
of  this  system  is  approximately  10:1.  The  low  signal/noise 
ratio  has  a  limiting  effect  on  the  measurement  of  the  atmospher¬ 
ic  seeing  characteristics  which  produce  the  intensity  fluctua¬ 
tions.  With  a  50Hz  bandwidth  centered  on  200  Hz,  the  sig¬ 
nal/detector  noise  ratios  are  20  and  8  in  the  3-5  and  8-12  pm 
channels,  respectively.  However,  the  seeing  noise  is  usually  an 
order  of  magnitude  greater  than  the  detector  noise.  The  low 
signal  to  noise  ratio  obtained  when  a  50  Hz  bandwidth  is  used 
dictates  that  the  intensity  fluctuation  power  spectra  have  to  be 
averaged  at  this  stage  to  get  reliable  estimates  of  the  composi¬ 
tion  of  seeing  noise. 

The  digital  signal  processing  unit  is  preceded  by  an  RMS 
converter  and  an  A/D  converter.  The  signal  processing 
involves  rectifying  the  200  Hz  carrier  signal  to  give  the 
intensity  fluctuations  of  the  received  signal.  Data  processing  of 
the  3-5  and  8-12  pm  signal  are  then  made  utilizing  a  portable 
PC  computer,  i.e.,  data  averaging,  ratioing,  power  spectral 
analysis,  and  cross  correlations.  Long  term  averages  (5 
minutes)  and  short  term  averages  (10  milli-seconds)  are 


3.  MEASUREMENTS 

The  focus  of  the  comparative  transmissometer  measurements  is 
to  identify  the  relative  changes  which  occur  in  the  infrared 
atmospheric  transmission  windows  with  respect  to  changes  in 
wind  speed,  air  mass  type,  existing  sea  state,  and  differing 
meteorological  conditions.  The  transmissometer  has  been  in 
operation  over  the  San  Diego  Bay’s  7  km  transmission  path 
(Figure  1)  intermittently  since  August  1993.  Standard  meteoro¬ 
logical  measurements  of  air  temperature,  relative  humidity,  sea 
surface  temperature,  wind  speed  and  direction,  and  visibility 
were  made  by  the  Naval  Pacific  Meteorological  and  Oceanog¬ 
raphy  Facility  North  Island  at  the  Naval  Air  Station  North 
Island  (Figure  1)  .  Similar  meteorological  measurements  were 
made  near  the  western  end  of  the  transmission  path  at  Ballast 
Point  (Figure  1).  Unfortunately  in  this  data  set  only  fair 
weather  conditions  were  encountered  during  the  operational 
periods  thus  eliminating  possible  correlations  with  high  winds 
and  seas.  Figure  4  shows  the  raw  3-5  and  8-12  pm  band 
transmission  data  for  a  twenty  eight  hour  period  starting  at  0323 
GMT  on  1  June  1994.  Relative  changes  in  the  received  signal 
strengths  for  the  two  wave  bands  (averaged  over  5  minutes)  can 
be  observed.  However,  comparison  of  the  3-5  and  8-12  pm 
raw  data  cannot  be  made  as  the  transmission  values  are  not 
absolute.  To  circumvent  this,  the  initial  data  point  for  each  of 
the  two  wave  bands  have  been  normalized  to  the  fair  weather 
LOWTRAN  transmission  calculations  corresponding  to  the 
measured  meteorological  data  from  the  NAS  North  Island 
weather  station  (Figure  5).  The  air  mass  factor  was  not 
measured  but  was  estimated  from  the  prevailing  wind  direction. 
The  use  of  LOWTRAN  permits  a  direct  comparison  of  the 
received  signals  in  the  3-5  and  8-12  pm  atmospheric  transmis¬ 
sion  bands  (relative  to  LOWTRAN)  to  be  made  for  determining 
the  differences  in  the  transmission  characteristics.  The  3-5  pm 
band  has  a  higher  transmissivity  throughout  the  data  period  than 
the  8-12  pm  band  though  the  3-5  pm  variability  is  higher  (0.07 
<  transmissivity  ^  0.70).  The  8-12  pm  signals  were  mostly 
constant  throughout  the  time  period.  Considering  the  fact  that 
the  8-12  pm  channel  is  nearly  constant  and  is  not  showing  the 
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Figure  4.  Raw  comparative  transmissometer  data  for  June  1-2, 
1994. 


Figure  5.  Observed  Changes  in  IR  transmission  (normalized  to 
LOWTRAN)  for  June  1-2,  1994. 

same  variations  as  the  3-5  pm  band,  it  suggest  that  an  attenua¬ 
tion  mechanism  exists  which  seriously  degrades  the  3-5  pm 
band  while  the  8-12  pm  remains  essentially  unaffected. 

Figures  6, 7,  8  show  the  corresponding  meteorological  data  from 
the  NAS  North  Island  and  the  Ballast  Point  meteorological 
observation  stations.  Comparing  the  observed  changes  in  the  IR 
transmission  for  the  3-5  pm  band  with  the  meteorological  data 
(Figures  6,  7,  8),  shows  that  the  low  transmission  values 
correspond  to  the  periods  of  higher  relative  humidity,  lower 
wind  speeds,  and  cooler  air  temperature.  The  opposite  is  true  for 
the  higher  transmission  values.  Even  though  some  differences  in 
the  absolute  values  exist  between  the  near  mid-path  inland 
meteorological  observation  station  with  those  observed  on  the 
western  end  of  the  transmission  path,  the  variational  patterns  are 
the  same.  The  8-12  pm  transmission  values  do  not  show  these 
same  correlations  and  remains  at  a  lower  value  through  the 
measurement  period. 

The  LOWTRAN  calculated  transmissivity  for  this  data  period 
(1-2  June  1994)  is  shown  in  Figure  5  for  the  wave  bands.  The 
LOWTRAN  calculations  (using  the  hourly  meteorological 
averages  from  NAS  North  Island)  are  nearly  constant  in  both 
bands  with  the  3-5  pm  band  having  higher  transmissivity  than 
the  8-12  pm  band.  This  agrees  with  the  measured  data. 
LOWTRAN  predicted  less  than  a  10%  change  in  the  transmis¬ 
sion  for  both  bands  and  does  not,  as  one  would  expect,  describe 
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Figure  7.  Air  temperature  and  relative  humidity  for  June  1-2, 
1994  (Ballast  Point). 
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Figure  8.  Wind  speed  and  direction  for  June  1-2,  1994  (Ballast 
Point). 

the  rapid  fluctuations  observed  in  the  3-5  and  8- 12 pm  bands. 
Also,  the  relative  amplitudes  of  the  calculated  and  received 
transmissivities  did  not  agree.  The  tracking  of  the  changes  in 
transmission  using  LOWTRAN  calculations  when  based  on 
standard  hourly  meteorological  observations  is  not  usually  in 
good  agreement  with  the  observed  changes. 
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The  degree  and  type  of  signal  variations  observed  where  the  3-5 
(im  wave  band  shows  large  variation  and  the  corresponding  8- 
12  pm  band  remains  constant  is  typical  of  the  light  sea  fog  and 
misty  conditions.  When  the  sea  mist  or  fog  is  more  dense,  both 
channels  are  equally  effected  as  shown  in  the  5-12  August  1994 
IR  transmission  data  (Figure  9).  The  corresponding  meteoro¬ 
logical  data  is  shown  in  Figure  10.  On  5,  6,  and  7  August  fog 
events  occurred  where  the  visibility  was  reported  to  be  near 
zero.  Corresponding  to  these  events,  the  3-5  and  8-12  pm 
channels  showed  significant  reduction  in  the  received  signal 
strengths.  From  7-12  August  the  3-5  and  8-12  pm  signals 
showed  a  cyclic  pattern  and  appears  to  correlate  with  the  cyclic 
variations  of  the  relative  humidity.  The  recorded  visibility 
(Figure  10)  does  not  show  periods  of  intense  reduced  visibility 
after  7  August.  However,  the  over  water  transmissometer  path 
could  be  affected  by  a  coastal  fog  that  did  not  extend  inland  and 
was  not  observed  by  the  meteorological  observation  station 
located  at  NAS  North  Island  weather  station.  It  is  interesting 
to  note  that  periods  of  increased  3-5  and  8-12  pm  signal 
strength  after  7  August  corresponded  with  increasing  winds  and 
decreased  relative  humidity  (or  conversely  with  decreasing 
winds  and  increased  humidity).  Having  a  fog  band  that  lies 
along  the  coast,  not  penetrating  inland,  during  conditions  of  low 
winds  is  a  typical  pattern  in  a  coastal  environment  (no  on-shore 
flow).  This  would  explain  the  cyclic  pattern  of  the  IR  data  in 
terms  of  increased  attenuation  due  to  fog  and  mist  along  the 
propagation  path. 

The  LOWTRAN  transmission  calculations  for  the  5-12  August 
1994  data  period  are  also  shown  in  Figure  9.  The  3-5  pm 
transmissions  are  better  than  for  those  of  the  8-12  pm  through- 


Figure  9.  Observed  Changes  in  IR  transmission  (normalized  to 
LOWTRAN)  for  August  5-12,  1994. 
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Figure  10.  Meteorological  data  for  August  5-12,  1994. 


out  the  data  period.  LOWTRAN  calculation  do  trace  the  heavy 
fog  events  but  do  not  show  the  apparent  cyclic  nature  after  7 
August. 

The  LOWTRAN  comparisons  with  the  measured  3-5  and  8-12 
pm  band  transmission  characteristics  (Figures  5  and']':)  show 
significant  discrepancies  when  used  for  predicting  the  effects  of 
the  MSL  on  IR  transmission.  The  critical  LOWTRAN  input 
parameters  which  determine  these  characteristics  are  the 
visibility,  air  mass  factor,  humidity,  and  aerosol  content.  Our 
results  show  that  the  meteorological  support  measurements  must 
be  taken  near  or  on  the  transmission  path  and  include  measure¬ 
ments  of  visibility  and  air  mass  factor.  Also,  the  aerosol 
models  used  in  LOWTRAN  for  determining  the  aerosol  content 
must  be  developed  to  include  the  MSL.  The  development  of 
the  Advanced  Navy  Aerosol  Model  (ANAM)  to  describe  the 
aerosol  content  in  the  first  10  m  above  the  ocean  was  the 
objective  of  the  MAPTIP  experiment  [13]  and  a  Coastal 
Aerosol  Model  (CAM)  has  been  proposed  for  representing  the 
MSL  in  the  coastal  environment  [14].  The  existing  NAM 
model  in  LOWTRAN  was  developed  to  represent  the  MBL 
above  10  m.  To  account  for  aerosols  generated  by  surf  and 
wind  generated  white  caps  in  the  coastal  MSL  additional  aerosol 
models  must  be  added  to  NAM. 

Correlation  between  the  3-5  and  8-12  pm  channels  on  a  very 
short  time  scale  (milli-seconds)  may  be  useful  data  in  the 
development  of  software  for  the  search  and  track  IRST  svstems 
[17],  Detection  sensitivities  and/or  the  rejection  of  false  alarms 
may  be  enhanced  by  using  the  statistical  properties  of  the 
intensity  fluctuations  in  the  transmitted  infrared  beams.  An 
example  of  the  fluctuations  is  shown  in  Figure  11.  Fluctuations 
in  the  propagation  characteristics  can  produce  intensity  nose  up 
to  50%  of  the  mean  signal  level.  Correlation  coefficients 
between  the  two  channels  were  calculated  for  Figure  11,  and 
found  to  be  between  0.5  and  0.75  when  the  averaging  time  of 
10  milli-seconds  was  used.  However,  actual  correlation 
coefficients  will  be  significantly  greater  than  these  values 
because  of  the  large  component  of  the  uncorrelated  detector 
noise  in  the  present  system.  An  example  of  the  power  spectra 
is  shown  in  Figure  12. 

5.  CONCLUSIONS 

Inspection  of  the  transmissometer  data  taken  over  many  days 
show  that  there  is  a  significant  variability  in  transmission  even 
under  fair  weather  synoptic  conditions,  these  variations  can  be 
correlated  with  the  in-situ  meteorological  measurements. 
However,  the  tracking  of  the  relative  changes  in  transmission 
with  LOWTRAN  calculations  that  are  based  on  the  standard 
hourly  meteorological  observations  is  usually  not  in  good  agree¬ 
ment.  The  data  shows  a  discrepancy  between  the  relative 
measured  and  LOWTRAN  calculated  transmissions  values  and 
suggests  that  models  within  LOWTRAN  need  to  be  modified  to 
represent  the  coastal  marine  MSL  environment. 
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Figure  11.  Intensity  fluctuations  of  transmitted  IR  beams. 
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Figure  12.  Averaged  power  spectrum  of  intensity  fluctuations 
of  3-5  (top)  and  8-12  pm  (bottom)  transmitted  beams. 


In  order  to  predict  the  transmissivity  in  the  marine  surface  layer 
on  a  short  time  scale  to  better  than  30%,  the  meteorological 
conditions  need  to  be  more  specified  relative  to  the  on  path 
characteristics.  This  is  especially  true  in  terms  of  visibility  and 
air  mass  factor.  The  role  of  coastal  fogs  and  mist  is  of  major 
significance  in  the  near  infrared.  As  the  visual  ranges  reduces 
from  20  km  to  3  km  the  3-5  pm  transmissions  are  greatly 
reduced  while  the  8-12  pm  was  observed  to  be  reduced  by  less 
than  a  factor  of  two.  The  3-5  pm  band  generally  offers  higher 
transmissitivities  than  for  the  8-12  pm  band  but  suffers  larger 
variability  for  light  fog  and  misty  conditions. 

6.  FUTURE  WORK  ON  MSL  TRANSMISSION  MEASURE¬ 
MENTS  AND  MODELING 

The  measurement  program  will  be  developed  further  to  include 
the  following  aspects: 

1.  Transmissometer  measurements  at  San  Diego  will 
incorporate  more  accurate  assessment  of  visibility,  air  mass 
factor  and  will  include  aerosol  size  distribution  measure¬ 
ments.  Operations  will  also  be  made  for  a  wider  range  of 
weather  conditions,  i.e. ,  higher  wind  speeds,  increased  white 
capping,  and  higher  sea  states. 

2.  A  second  transmissometer  range  is  to  be  established  over 
a  surf  line  will  and  used  to  identify  significant  propagation 
characteristics  arising  from  breaking  waves  and  high  surf. 

3.  A  transmissometer  parallel  to  the  present  path  but  at  a 
higher  elevation  above  the  ocean  surface  will  be  used  to 
isolate  the  effects  within  the  MSL  by  serving  as  a  continuous 
reference  transmission  path  outside  the  surface  layer. 

4.  A  collaborative  effort  for  IR  transmission  analysis  and 
data  exchange  is  planned  with  the  Australian  Department  of 
Defence,  Defence  Science  and  Technology  Organization 
(DSTO)  through  the  University  of  Western  Australia.  The 
DSTO  transmission  path  is  3  km  long  from  HMAS  Sterling 
to  Carnac  Island,  Western  Australia.  This  transmission  path 


is  well  exposed  to  the  open  ocean  and  strong  winds  occur 
regularly.  The  air  mass  is  usually  well  defined  as  either 
maritime  or  continental. 

5.  Transmissometer  data  during  high  winds  and  sea  state 
will  be  used  to  develop/evaluate  aerosol  models  being 
developed  to  represent  the  MSL. 

6.  The  transmissometer  source  and  the  detector  will  be 
reconfigured  and  made  more  weather  proof  and  automated 
for  continuous  operation  in  all  weather  conditions.  The 
source  and  detector  are  to  be  improved  by  using  a  special 
condensing  cone  within  the  detector  housing.  This  will 
allow  the  source  temperature  to  be  reduced  to  500°  K  to 
equalize  the  radiant  power  in  the  two  atmospheric  windows. 
The  detector  will  also  be  fitted  with  filter  to  remove  the  2.3 
pm  radiations.  The  visible  channel  will  also  be  made  a 
permanent  feature  to  replace  the  standard  meteorological 
observations  of  visibility. 
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DISCUSSION 


K.  DAVIDSON 

Would  you  describe  more  about  the  aerosol  component  of  the  LOWTRAN  model  you 
addressed? 

AUTHOR’S  REPLY 

All  calculations  were  made  using  the  Navy  Aerosol  Model  (NAM)  in  LOWTRAN. 

E.  SCHWEICHER 

What  were  the  cooling  temperatures  for  both  detectors?  Was  InSb  used  for  the  3  -  5p  band 
and  MCT  used  for  the  8  -  12p  band?  Within  each  band  did  you  use  a  single  detector  or 
detector  arrays  with  some  signal  processing  like  TDI? 

AUTHOR’S  REPLY 

The  detectors  were  liquid  nitrogen  cooled.  The  InSb  is  the  3  -  5pm  and  the  MCT  is  the  8- 
12pm  detector.  The  sandwiched  detector  consists  of  two  single  detectors  (InSb  and  MCT), 
they  are  not  arrays. 

A.  JUNCHAT 

Pourquoi  utilisez-vous  pour  "calibrer"  vos  mesures  relatives,  3  -  5pm  et  8  -  12pm,  le  modele 
LOWTRAN  alors  que  le  propos  de  vos  mesures  est  justement  d’analyser  le  modele 
LOWTRAN  dans  des  cas  de  propagation  dans  le  conduit? 

A  quel  moment  et  dans  quelles  conditions  faites-vous  cette  calibration? 

Since  the  goal  of  your  measurement  is  to  evaluate  LOWTRAN  for  propagation  within  the  duct, 
why  do  you  use  LOWTRAN  to  calibrate  your  relative  measurements  in  the  bands  3 -5pm  and 
8-12pm?  Where  and  under  which  conditions  was  the  calibration  done? 

AUTHOR’S  REPLY 

The  raw  3-5  and  8-12  micron  signals  cannot  be  directly  compared  because  the  system  is  not 
calibrated  and  the  transmission  properties  of  the  two  wave  bands  have  not  been  compensated 
for.  Therefore,  to  allow  a  relative  comparison  of  the  two  signals,  the  first  data  point  for  each 
band  was  normalized  to  the  fair  weather  LOWTRAN  transmission  calculated  values.  The 
remaining  data  points  are  then  relative  to  this  initial  normalized  value.  The  LOWTRAN 
calculations  for  the  remainder  of  the  data  period  are  for  the  existing  meteorological 
conditions. 
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Radiance  of  the  Ocean  Horizon 


C.  R  Zeisse 

Ocean  and  Atmospheric  Sciences  Division 
NCCOSC  RDTE  DIV  543 
53170  WOODWARD  ROAD 
SAN  DIEGO,  CA  92152-7385 
USA 


SUMMARY 

In  1954  Cox  and  Munk  [1]  used  aerial  photographs  of 
sun  glint  to  determine  the  statistical  distribution  of 
ocean  capillary  wave  slopes  as  a  function  of  wind 
velocity.  When  their  equation  connecting  the  slope 
distribution  with  sun  glint  is  used  on  the  horizon, 
however,  an  infinite  glint  is  predicted  even  though  it  can 
easily  be  shown  that  sun  glint  should  never  exceed  solar 
radiance.  This  paper  derives  an  integral  equation  which 
connects  the  capillary  wave  slope  distribution  with 
ocean  radiance.  It  predicts  a  finite  sun  glint  on  the  ocean 
horizon  and  the  proper  value  of  sun  glint  in  the  calm  sea 
limit.  Away  from  the  horizon  an  approximation  reduces 
this  integral  to  the  algebraic  equation  used  by  Cox  and 
Munk. 

LIST  OF  SYMBOLS 

A  Area  of  pixel  footprint. 

B  Area  of  ergodic  cap  projected  toward  ray. 

dA  Area  of  single  facet  projected  on  horizon. 
dB  Area  of  single  facet  projected  toward  ray. 

dF  Area  of  single  facet. 

dS  Area  of  receiver  aperture. 

H0  Solar  irradiance  arriving  at  footprint. 

J  Jacobian  of  transformation,  slopes  to  sky. 

Nr  Reflected  radiance. 

\fsun 

lwr  Reflected  solar  radiance. 

Na  Incident  solar  radiance. 

Ns  Incident  radiance  of  source  (sky  or  sun). 

P  Occurrence  probability.  Beam  power. 

p  Occurrence  probability  density. 

Q  Interaction  probability. 

q  Interaction  probability  density. 

R  Distance  from  facet  to  receiver. 

Sx  Facet  slope  in  X  (upwind)  direction. 

Sy  Facet  slope  in  Y  (crosswind)  direction. 

U„  Unit  vector  at  origin  normal  to  facet. 

Ur  Unit  vector  pointing  from  origin  to  receiver. 

Us  Unit  vector  pointing  from  origin  to  source. 

W  Wind  speed. 

X  Coordinate  axis  pointing  upwind. 

Y  Coordinate  axis  pointing  crosswind. 


Z  Coordinate  axis  pointing  to  zenith. 

<f>  Azimuth  of  U. 

6  Zenith  angle  of  U. 

p  Fresnel  reflectivity  of  the  sea. 

crc  Standard  deviation  of  Sy. 

(T„  Standard  deviation  of  Sx. 

(0  Angle  of  incidence.  Angle  of  reflection. 

Qa  Solid  angle  subtended  by  the  sun  at  the  earth. 

1.  INTRODUCTION 

Since  the  wavelength  of  an  ocean  capillary  wave  is  on 
the  order  of  cm  while  the  wavelength  of  light  is  on  the 
order  of  pm,  the  interaction  of  light  with  the  ocean 
surface  can  be  treated  from  the  standpoint  of 
geometrical  optics.  The  ocean  surface  can  be  regarded  as 
a  collection  of  flat  facets  each  of  which  is  randomly 
tilted  with  respect  to  the  local  horizon.  As  time  passes 
the  tilt  of  a  given  facet  varies  under  the  influence  of  the 
wind.  When  the  solar  disk  is  reflected  by  the  ocean  these 
fluctuating  facets  produce  a  dancing  pattern  of 
highlights  known  as  sun  glint. 

By  photographing  solar  reflections  from  an  airplane  Cox 
and  Munk  [1,2]  were  able  to  measure  the  probability 

P  =  p(Sx,Sy,w)dSxdSy  (1) 


Figure  1.  The  geometry  of  facet  reflection.  The  facet 
normal  U„  has  been  left  out  of  the  figure  for  clarity. 
Azimuths  are  considered  positive  when  measured 
counterclockwise  looking  toward  the  nadir. _ 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “ Propagation  Assessment  in 
Coastal  Environments"  held  in  Bremerhaven,  Gennany  19-22  September  1994. 
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Figure  2.  A  plot  of  occurrence  probability  density  as  a 
function  of  capillary  wave  slope.  The  wind  speed  is  1 
m  s'1.  The  coordinate  system  of  figure  1  has  been 
inserted  at  the  top  to  illustrate  the  relationship  between 
coordinates  and  slopes.  The  first  quadrant  contains 
negative  slopes. 


that  a  wave  facet  would  have  a  slope  within  ±dS/l  of  Sx 
and  ±dS/l  of  Sy.  Cox  and  Munk  [1]  obtained  an 
expression  for  the  capillary  wave  slope  probability 
density  whose  lowest  order  term  is 


p{sx,sy>w)~ 


2ncucc 


exp 


^2 

\  ,  y 

2  1 

% 


CTy  =0.000  + 3.16 -lO-3^,  (2) 


a2c  =0.003  +  1.92  10  3W. 


The  primary  goal  of  the  original  Cox-Munk  work  was  to 
determine  the  wave  slope  probability  distribution.  The 
wave  slope  distribution  is  now  well  accepted  and  there  is 
more  interest  in  the  inverse  situation  where,  given  the 
value  of  p,  the  radiance  reflected  from  the  sea  surface 
can  be  predicted.  In  particular,  we  are  interested  in 
predicting  the  reflected  solar  radiance  from  a  low 
altitude  such  as  the  deck  of  a  ship  when  the  sun  is 
anywhere  in  the  sky.  This  prediction  has  already  been 
provided  by  Cox  and  Munk  [I],  In  rearranged  form  and 
our  notation  their  prediction  is 

nr  pW  ^  pty,s,,r) 

Ha  4  cos 6r 

The  geometry  implicit  in  CM(9)  is  that  the  incident  ray 
comes  from  the  center  of  the  sun,  the  reflected  ray  goes 
to  the  receiver,  and  the  facet  slope  creates  a  specular 
reflection  between  these  rays. 


There  is  a  problem  with  equation  CM(9)  for  horizontal 
views  because  CM(9)  approaches  infinity  as  9r 


approaches  90°.  But  an  infinite  radiance  is  never 
observed.  A  perfectly  calm  ocean  (which  can  never 
occur  but  which  serves  as  a  useful  limiting  case)  can  be 
imagined  which  reflects  the  rays  of  the  sun  into  a 
receiver  mounted  at  the  edge  of  the  shore.  Then  any 
theory  of  solar  glints  should  predict  a  radiance  equal  to 
the  solar  radiance  times  the  reflectivity  of  sea  water 
because  a  perfectly  calm  ocean  is  like  a  flat  mirror. 

This  infinity  will  now  be  addressed. 

2.  THE  GEOMETRY  OF  REFLECTION 

Only  single  scattering  events  will  be  considered. 
Multiple  reflections,  the  shadowing  of  one  facet  by 
another,  transmission  losses,  and  bending  as  the  rays 
traverse  the  atmosphere  to  and  from  the  ocean  surface 
will  be  ignored.  Polarization  will  be  ignored  and  gravity 
waves  will  not  be  included. 

Figure  1  shows  the  geometry  of  reflection.  The  origin  of 
the  coordinate  system  is  the  point  of  reflection  with  the 
X  axis  pointing  upwind,  the  Y  axis  crosswind,  and  the  Z 
axis  toward  the  zenith  such  that  a  right  handed  system  is 
formed.  The  X-Y  plane  lies  in  the  local  horizon 
coincident  with  mean  sea  level.  The  tilted  facet  passes 
through  the  origin. 

Three  unit  vectors  are  involved  in  reflection  and  they  are 
connected  by  the  law  of  reflection: 

Ua  +  Ur  =  2cosmUM.  (3) 

3.  THE  OCCURRENCE  PROBABILITY 

Because  it  gives  the  likelihood  that  a  facet  with  a  given 
slope  will  occur  in  a  group  of  facets  with  all  possible 
slopes,  p  is  called  the  occurrence  probability  density. 
The  shape  of  p  is  shown  in  figures  2  and  3  for  wind 
speeds  of  1  and  10  m  s'1  respectively.  The  volume  of  a 


column  underneath  p  whose  base  is  dSx  on  one  side  and 
dSy  on  the  other  is  the  probability  P  given  by  (1). 

Using  the  occurrence  probability  density  an  area^l  of  the 
mean  horizon  can  be  used  to  represent  the  ocean  as  a 
whole.  Area  A  can  also  be  thought  of  as  the  footprint  of 
a  single  pixel  in  an  image  of  the  ocean.  Within  the 
footprint  a  typical  facet  is  shown  in  figure  4.  Now 
choose  a  convenient  small  range  of  X  and  Y  slopes 
which  will  be  the  same  for  all  facets.  Let  the  horizontal 
projection  of  each  facet  occupy  an  area  dA  whose  ratio  to 
the  total  area  A  is  equal  to  the  probability  that  the  facet 
will  occur: 

~~  =  pdSxdSy.  (4) 

/i 

The  collection  of  all  facets  similar  to  the  one  shown  in 
figure  4  will  represent  the  average  condition  of  the  wind 
driven  open  ocean  for  any  chosen  wind  velocity. 

4.  THE  INTERACTION  PROBABILITY 

The  occurrence  probability  we  have  just  described  is  the 
same  as  the  probability  that  a  vertical  ray  will  interact 
with  the  facet.  However,  as  pointed  out  by  Plass,  et  al. 
[3]  a  slanted  ray  will  interact  with  the  facet  according  to 
a  different  probability.  The  interaction  probability 

Q  =  q(e,4>,Sx,Sy,W)dSxdSy  (5) 

gives  the  chance  that  a  ray  arriving  from  the  arbitrary 
direction  U=(0,  <p)  will  interact  with  a  facet  whose  slope 
is  within  ±  dS/1  of  Sx  and  ±  dSJl  of  Sy  when  the  wind 
speed  is  W. 

The  interaction  probability  between  the  ray  and  the  facet 
will  be  proportional  to  the  area  dB  which  the  facet  has 
when  projected  normal  to  direction  of  the  ray.  Hence  by 
reasoning  similar  to  that  used  to  arrive  at  equation  (4) 

—  =  qdSxdSv.  (6) 

B  y 

In  equation  (6)  B  is  the  sum  of  all  other  similarly 
projected  facets: 

B=  jdB.  (7) 

m<ni  2 
V=const. 

Area  B(Q,<$>,  W)  has  been  called  the  “ergodic  cap”  or  the 
“ergodic  cup”  by  Gordon  [4]  and  Preisendorfer  [5]  who 
studied  its  shape.  The  integral  in  equation  (7)  is 
restricted  to  those  facets  for  which  the  ray  will  strike  the 
front  rather  than  the  back  of  the  facet,  that  is,  for  all 
slopes  such  that  <b<ji/2.  Furthermore,  the  notation 
"V=const."  has  been  added  under  the  integral  sign  to 
indicate  that  the  ray  direction  is  held  constant  during 
integration  over  the  facets. 

The  interaction  probability  can  be  expressed  in  terms  of 
the  occurrence  probability  because  of  a  geometrical 
relation  between  dB  and  dA  evident  from  figure  4: 
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dB  =  dF  coso), 
dA  =  dF  cos  0„, 

which  implies  that 

A  cosm 

q  = - p. 

B  cos 6„ 


(8) 

(9) 


Using  equations  (6)  and  (9)  in  (7)  we  arrive  at  the 
following  expression  for  the  area  of  the  ergodic  cap  in 
terms  of  the  occurrence  probability: 


B_ 

A 


a 

co<n/2 


COSO) 

COS  0„ 


pdSxdSy. 


(10) 


\}~  const. 


The  behavior  of  B/A  for  a  footprint  of  unit  area  is  shown 
in  figure  5  for  various  wind  conditions. 


Using  (10)  in  (9)  the  interaction  probability  density  is 
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BEAM  ZENITH  ANGLE  (deg) 

Figure  5.  Area  of  ergodic  cap  B  projected  toward  a  ray 
(or  beam)  of  a  given  zenith  angle.  The  ray  is  upwind 
and  the  footprint  has  a  unit  area. _ 


z 


Y  SLOPE  X  SLOPE 

(CROSSWIND)  -0.4*70.4  (UPWIND) 


Figure  6.  A  plot  of  q  versus  capillary  wave  slope  for  a 
wind  speed  of  10  m  s'1  and  a  ray  pointing  toward  (80°, 
270°).  The  density  is  tilted  toward  the  ray. 


9  = 


JJ 

a<nl2 

U=const. 


COS  CO 

cos  9„ 

COS  CO 
COS0„ 


p 


p  dSxdSy 


(11) 


Equation  (11)  is  only  defined  for  co  <  n/2.  In  the  calm 
sea  limit  p(Sx,Sy,0)  approaches  &(Sx,Sy)  and  q  approaches 
p  regardless  of  ray  direction. 


Figure  6  shows  a  plot  of  q  for  a  ray  direction  of 
(80°, 270°).  Compared  to  the  distribution  of  p  whose 
peak  is  at  the  origin  (figures  2  and  3),  the  distribution  of 
q  is  tilted  so  that  its  peak  no  longer  occurs  at  the  origin. 
Slopes  with  positive  Y  values  are  by  and  large 
responsible  for  the  interaction  in  this  case  because  they 
are  tilted  toward  the  receiver.  Those  tilted  away  from  the 
ray  (such  as  the  one  shown  in  figure  4)  are  less  likely  to 
interact  with  the  ray  (dB  will  be  smaller)  and  may  even 
be  excluded  (as  the  facet  in  figure  4  would  be  for  a  ray 
closer  to  the  horizon  than  shown  there). 


We  have  thus  far  considered  the  interaction  of  facets 
with  a  ray  pointing  in  an  arbitrary  direction.  From  this 
point  on,  however,  we  will  most  often  be  considering  the 
situation  when  the  rav  points  toward  the  receiver 

(U=Ur). 


5.  REFLECTION  BY  A  RUFFLED  FOOTPRINT 

Having  found  how  a  ray  interacts  with  a  group  of  facets, 
we  will  next  show  how  those  facets  reflect  radiance  into 
a  receiver.  Figure  7  shows  the  instantaneous  position  of 
a  single  facet  whose  area  may  be  on  the  order  of  one 
mm2.  The  footprint  area,  on  the  other  hand,  is  on  the 
order  of  10  m2  after  projection  normal  to  the  receiver. 
Therefore  figure  7  is  drawn  so  that  the  facet  fails  to  fill 
the  receiver  field  of  view.  We  analyze  the  situation  in 


figure  7  by:  (1)  converting  the  radiance  incident  on  a 
single  facet  into  a  power,  (2)  finding  how  the  facet 
reflects  that  power,  (3)  adding  up  the  reflected  power 
from  all  facets  within  the  footprint,  and  (4)  converting 
the  resultant  sum  into  a  radiance  leaving  the  footprint 
for  the  receiver. 

(1)  The  source  power  arriving  at  the  facet  is  contained 

in  a  beam  whose  radiance  is  Ns.  If  this  radiance 
were  received  directly  (without  being  altered  by 
the  facet)  it  would  have  an  angular  divergence 
of  dB/R 2  at  the  receiver  aperture.  From  the 
definition  of  radiance  as  the  product  of  the 
beam  power  per  unit  solid  angle  per  unit  area 
normal  to  the  beam  we  have 

dPs  =  Ns^rdS  =  Ns^r  dB.  (12) 
5  5  R2  R2 

(2)  The  facet  reflects  source  power  dPs  from  direction  Us 

to  direction  Ur.  After  leaving  the  facet  this 
power  is  multiplied  by  p: 

dPr  =  pdPs.  (13) 

The  effect  of  the  facet  is  simply  to  alter  the 
direction  of  the  power  (as  indicated  by  the 
dashed  lines  in  figure  7)  and  multiply  it  by  p. 

(3)  The  footprint  as  a  whole  will  contain  facets  of  all 

possible  slopes.  The  power  reflected  from  the 
entire  footprint  will  be  given  by  integration  of 
(13)  over  the  footprint  area  A : 

Pr  =  \dPr  =  \pNs^dB.  (14) 

A  A  R 

This  total  reflected  power  is  contained  in  a 
solid  angle  dS/R2  and  passes  through  the  area 
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B(Qr,§r,W)=Br,  the  ergodic  cap  projected  toward 
the  receiver.  Hence  the  received  radiance 
contributing  to  a  single  pixel  is 
p 

\ r  _  r _  cl 


Br(dS/R2)' 


(4)  Substituting  (14)  for  Pr  into  (15)  and  using  (6)  the 
received  radiance  can  be  expressed  as 


\\pNsqrdSxdSy 


where  the  subscript  on  q  is  used  as  a  reminder 
that  the  interaction  probability  density  must  be 
applied  to  a  ray  projected  toward  the  receiver. 

Equation  (16)  shows  that  the  interaction  density  qr  plays 
the  mathematical  role  of  a  weighting  factor  attached  to 
the  facet  position  shown  in  figure  7. 

Figure  8  shows  how  objects  in  the  marine  sky 
contribute  to  the  radiance  of  a  pixel  in  the  ocean.  The 
conditions  are  meant  to  be  approximately  the  same  as 
those  used  to  draw  figure  6,  namely  a  receiver  elevated 
by  10°  and  a  wind  speed  of  10  m  s  '.  Facets  of  various 
slopes  have  captured  a  broad  portion  of  the  sky  and 
redirected  it  toward  the  receiver  where  it  is  sensed  as  a 


single  undivided  radiance.  The  importance  of  a 
particular  slope  in  the  capture  process  is  given  by  its 
weighting  factor  qr  shown  in  figure  6.  The  full  width 
half  maximum  contour  for  the  capture  (labeled  FWHM 
in  the  figure)  is  elliptical  rather  than  circular  because 
the  slope  variances  in  the  up  and  crosswind  directions 
are  different. 

6.  A  TRANSFORMATION:  OCEAN  TO  SKY 

Although  equation  (16)  is  the  easiest  way  to  visualize 
the  geometry  of  facet  reflection  throughout  the  footprint, 
it  is  sometimes  easier  to  integrate  over  objects  in  the  sky 
(rather  than  slopes  in  the  ocean)  for  the  purpose  of 
calculating  the  received  radiance.  For  a  fixed  receiver 
position  the  location  of  the  source  radiance  in  figure  7  is 
determined  by  the  facet  slope.  Equations  can  be  derived 
which  give  the  sky  location  (05,<|>5)  reflected  into  a 
receiver  located  at  (er,<t>r)  by  a  facet  whose  slope  is 
(Sx,Sy).  These  equations  can  be  regarded  as  a 
transformation  from  slope  coordinates  to  sky  coordinates 
with  the  receiver  position  a  parameter  of  the 
transformation.  Hence  in  place  of  equation  (16)  we  can 
equally  well  write 

Nr  =  jjpNsqr  Jddsd<ps  (17) 

U  r=const 

where  we  have  introduced  the  Jacobian  J  of  the 
transformation  between  facet  slope  and  sky  location. 
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Figure  8.  The  pixel  footprint  seen  by  a  receiver  looking  down  on  the  surface  of  the  ocean. 


Starting  from  equations  (28)  and  (29)  it  can  be  shown 
[6]  that 

seem  sec3 e„sin9g 
d{er*t)  4 

Inserting  equation  (9)  for  qr  and  equation  (18)  for  J  into 
equation  (17)  we  arrive  at  the  following  general 
expression  for  the  radiance  received  from  the  footprint: 

Nr=  7F  II  P(co)Ns(es,<t>sy 

’  Vr=const  (19) 

sec40„p(Sx,Sy,fVj  sin 6sddsd<j>s. 

Here  Br  is  given  by  (10)  with  the  ray  pointing  toward  the 
receiver  (that  is,  (10)  with  U=Ur)  and  p(Sx,Sy,W)  is  given 
by  (2).  During  integration  of  equation  (19)  the  radiance 
is  received  by  specular  reflection  from  the  source.  The 
appendix  gives  expressions  for  to,  0„,  Sx,  and  Sy  in  terms 
of  source  and  receiver  coordinates  when  there  is  a 
specular  reflection,  and  these  expressions  should  be  used 
in  equation  (19). 


Equation  (19)  is  the  integral  equation  for  the  receiver 
radiance  we  have  been  seeking.  It  is  an  exact 
mathematical  consequence  of  the  Cox-Munk-Plass 
model  for  the  wind  ruffled  sea  surface  and  can  be  used 
to  describe  reflected  sky  radiance,  thermal  black  body 


emission,  or  sun  glint  by  proper  choice  of  Ns  and  the 
domain  of  integration  [6]. 

7.  EXACT  SUN  GLINT 

For  sun  glint,  N,  is  equal  to  Na  and  the  integral  is 
carried  out  over  the  solar  disk  in  the  sky  or  the  tolerance 
ellipse  in  the  ocean.  (The  tolerance  ellipse  contains  all 
those  slopes  capable  of  reflecting  a  ray  from  any  part  of 
the  solar  disk  into  the  receiver.)  Since  solar  radiance  is 
constant  throughout  the  solar  disk  (the  sun  is  a 
Lambertian  source),  Na  can  be  brought  outside  the 
integral  to  give  the  following  expressions  for  the  ratio  of 
glint  radiance  leaving  the  footprint  to  solar  radiance 
arriving  at  the  footprint: 

Nsun  et 

~-=  jjpqrdSxdSy  (20) 

0  ellipse 
U  r=const 

for  integration  over  the  sea,  and 

\jsun  a  f  , 

v=IF  II  {p  sec40„  pj sin 9 sd9sd(j>s  (21) 

N°  °r  disk 

Ur  =const 

for  integration  over  the  solar  disk. 

In  the  calm  sea  limit  q  approaches  a  delta  function 
selecting  zero  slope  and  (20)  shows  that 
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Figure  9.  Glint  radiance  for  a  horizontal  view  of  a  sun 
setting  over  a  moderate  sea  (W  =  10  m  s  ).  The  facet 
reflectivity  is  100%.  The  location  of  the  receiver  is 
(89.75°,  90°).  _ 


A rsun 

^ —  «  p  <  100%  (22) 

N0 

for  a  calm  sea  as  expected. 

The  behavior  of  equations  (20)  and  (21)  for  a  receiver 
looking  straight  toward  a  setting  sun  is  given  in  figures 
9  and  10  by  the  curves  labeled  "Exact".  Note  that  the 
vertical  scale  in  these  figures  never  exceeds  1%  which 
may  be  surprising  in  view  of  the  100%  calm  sea  limit  set 
forth  in  (22).  The  exact  calculations  produce  a  smaller 
value  than  100%  because  most  of  the  slopes  in  an  ocean 
footprint  deflect  solar  rays  away  from  the  receiver 
toward  other  parts  of  the  sky  even  at  very  low  wind 
speeds. 

8.  APPROXIMATE  SUN  GLINT 
Since  the  solar  disk  occupies  such  a  small  part  of  the 
sky,  the  integrand  in  (21)  will  remain  almost  constant 
during  integration  over  the  disk  and  can  be  brought 
outside  the  integral.  Since  the  integral  of  sin03  over  the 
disk  is  equal  to  £20  we  obtain 

(23) 

H0  4  Br  1  >o 

for  the  approximate  ratio  of  glint  radiance  leaving  the 
ocean  surface  to  the  solar  irradiance  arriving  at  the 
ocean  surface.  In  (23)  we  have  used  the  fact  that  Nof20  is 
equal  to  the  solar  irradiance  Ho.  The  subscript  on  the 
bracket  means  that  quantities  within  the  bracket  should 
be  evaluated  for  a  ray  specularly  reflected  from  the 
center  of  the  sun  into  the  receiver.  The  curves  marked 
“Flattop”  in  figures  9  and  10  show  the  behavior  of 
equation  (23). 


Figure  10.  Ocean  glint  as  a  function  of  wind  speed. 
Conditions  are  p  =  100%,  (0s,<t>s)  =  (88°,  210°),  (0r,<J>r)  = 
(88°,  270°).  _ 


A  second  approximation  can  be  introduced  by  noting 
that  facets  tilted  by  less  than  the  ray  elevation  will 
always  present  their  front  surface  to  the  ray.  If  the  wind 
velocity  is  low  enough  that  area  A  is  almost  entirely 
occupied  by  such  facets  the  restriction  on  the  angle  of 
incidence  in  (10)  and  (11)  may  be  dropped  without 
appreciable  error  and  it  can  be  shown  [6]  that 


a 


COS  CO 

cos0„ 


pdSxdSy  =  cos0r  (24) 


U  r=const 

for  a  ray  pointing  toward  the  receiver. 


Combining  both  approximations  by  inserting  (24)  into 
(23)  we  obtain 

Kun  .  f  P  sec4  0„  p  }  25 

H0  }  4cos0,  \o 

which  is  identical  to  the  equation  used  by  Cox  and 
Munk  given  in  our  introduction.  The  "Cox-Munk" 
approximation  improves  as  the  wind  speed  decreases: 
for  a  receiver  ray  elevated  by  10°  or  more,  the  error  is 
less  than  10%  for  wind  speeds  below  11  ms'1  and  less 
than  1%  for  wind  speeds  below  3‘A  m  s'1. 


9.  DISCUSSION 

Equations  (20)  and  (21)  show  the  proper  finite  behavior 
for  sun  glint  on  the  horizon.  How  has  the  infinity 
disappeared?  The  answer  can  be  found  in  the  distinction 
between  the  actual  sea  surface,  which  is  rough,  and  the 
footprint  surface,  which  is  flat.  In  the  derivation  of 
section  5,  part  3,  we  have  projected  the  facets  (rather 
than  the  footprint)  toward  the  receiver.  This  removes  the 
unphysical  infinity  mentioned  in  the  introduction 
because,  although  the  footprint  projects  toward  zero  for 
a  horizontal  ray,  the  facets  do  not.  The  wind  always  tilts 
some  facets  so  they  can  be  seen  by  the  receiver  even 
though  the  receiver  might  be  looking  out  in  a  direction 
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which  grazes  mean  sea  level.  In  fact  the  simple 
observation  that  the  sea  horizon  can  be  seen  is  proof  that 
the  sea  is  rough  because  “If  the  sea  were  absolutely  flat, 
then  the  radiance  of  the  sea  surface  just  beneath  the 
horizon  would  equal  the  radiance  of  the  sky  just  above 
it,  and  there  would  be  no  visible  horizon.” [7], 

Saunders  [8]  pointed  out  that  multiple  reflections  and 
shadowing  should  be  included  in  any  theory  of  solar 
glints.  Multiple  reflections  occur  when  the  source  ray 
bounces  off  of  several  facets  before  reaching  the 
receiver.  Shadowing  refers  to  the  fact  that  slopes  on  the 
back  sides  of  the  waves  and  deep  in  the  troughs  between 
waves  are  hidden  from  view.  Each  of  these  effects 
becomes  more  important  when  the  source  or  receiver 
approaches  the  horizon.  (Cox  and  Munk  did  not  include 
either  effect  but  were  careful  to  take  measurements  when 
both  source  and  receiver  were  near  the  zenith  to 
minimize  the  contributions  of  each  effect.)  Saunders 
established  upper  and  lower  limits  to  the  observed 
radiance  based  on  multiple  scattering  and  he  included 
shadowing  by  introducing  a  shadowing  factor.  His 
shadowing  factor  multiplies  equation  CM(9)  and  clamps 
the  Cox-Munk  radiance  to  a  finite  value  for  horizontal 
observation  of  solar  glints.  However,  we  do  not  find  that 
the  application  of  Saunders'  shadowing  factor  to 
equation  CM(9)  produces  the  proper  radiance  in  the 
calm  sea  limit. 

10.  CONCLUSION 

Neglecting  multiple  scattering  and  shadowing,  an 
integral  expression  for  ocean  radiance  has  been  obtained 
which  is  correct  for  all  geometries.  The  integral 
produces  a  finite  glint  radiance  reflected  horizontally  by 
the  ocean  even  when  the  sun  is  also  on  the  horizon.  It 
also  gives  the  proper  radiance  in  the  calm  sea  limit. 

When  the  reflected  ray  is  elevated  by  more  than  about 
10°  over  a  moderate  sea  an  approximation  may  be 
employed  which  reduces  the  exact  formulation  we  have 
derived  to  the  form  used  by  Cox  and  Munk. 
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APPENDIX:  SPECULAR  REFLECTION 

The  calculation  of  the  Jacobian  in  (18)  and  the  general 
equation  for  ocean  radiance  given  by  (19)  require  the 
following  expressions  for  co,  0n,  Sx,  and  Sy  in  terms  of 
source  and  receiver  coordinates  when  there  is  a  specular 
reflection: 


1  +  sinO*  sin0r  cos[<!>s  -  (j>r)  +  cos  6S  cos  9r, 


tan20„  = 

sin2  6S  +  sin2  6r  +2sin0i  sin0rcos  (<ps-^>r)  (27) 

—  , 

(cos6s  +  cos6r) 


Sx  = 


(sin  6S  cos  <ps  +  sin  6r  cos  <pr ) 
(cos  0^  + cos  0r) 


and  Sy  = 


(sin0^  sin</>y  +  sin0r  sin<j>r) 
(cos0j  +cos0r) 


(28) 

(29) 
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DISCUSSION 


G.S.  BROWN 

What  about  the  effects  of  shadowing  in  your  analysis? 

AUTHOR’S  REPLY 

Shadowing  (and  multiple  reflections)  are  very  important  effects,  especially  on  the  horizon. 
Indeed,  Saunders  has  already  proposed  that  shadowing  will  remove  the  infinity  I  have  alluded 
to  here  as  a  paradox.  My  point  has  been  that  proper  account  of  the  capillary  wave  slope 
geometry  is  by  itself  sufficient  to  resolve  this  paradox;  the  next  steps  to  be  taken  would  be  to 
include  shadowing  and  multiple  reflections  which  I  have  ignored  in  this  analysis. 

K.  DAVIDSON 

Would  work  now  being  done  on  ocean  surface  radar  (C-,  Ku-,  X-band)  backscatter  properties 
be  important  to  this  problem? 

AUTHOR’S  REPLY 

Yes.  The  shape  of  the  ocean  surface  determines  the  properties  of  infrared  radiance  and  ocean 
backscatter.  Proper  treatment  of  ocean  reflection  on  the  horizon  should  improve  our 
understanding  of  infrared  and  radar  effects  observed  there. 
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SUMMARY 

During  the  fall  of  1993  a  field  experiment  entitled  Marine 
Aerosol  Properties  and  Thermal  Imager  Performance  Trial 
(MAPTIP)  was  conducted  by  NATO  AC/243  Panel  04/RSG.8 
and  04/RSG.5  in  the  Dutch  coastal  waters.  The  objectives  of 
the  trial  were: 

1 .  To  improve  and  validate  vertical  marine  aerosol  models  by 
providing  an  extensive  set  of  aerosol  and  meteorological 
measurements,  within  a  coastal  environment,  at  different 
altitudes  and  for  a  range  of  meteorological  conditions. 

2.  To  make  aerosol  and  meteorological  observations  in  the  first 
10  m  of  the  ocean  surface  with  a  view  to  extending  existing 
aerosol  models  to  incorporate  near-surface  effects. 

3.  To  assess  marine  boundary  layer  effects  on  thermal  imaging 
systems.  Calibrated  targets  at  different  altitudes  were  observed 
to  the  maximum  observable  range  under  a  wide  variety  of 
conditions  in  both  the  3-5  and  8-12  pm  bands.  These  data  will 
be  used  for  the  development  and  validation  of  IRST  models  and 
IR  ship  signature  models  with  the  view  of  determining  the 
effects  of  marine-generated  aerosols,  turbulence,  and  meteoro¬ 
logical  profiles  on  their  performance. 

Aerosol  and  meteorological  instruments,  as  well  as  thermal 
imagers  and  calibrated  targets,  were  utilized  on  the  Dutch 
Meetpost  Noordwijk  (MPN)  tower,  at  a  Katwijk  Beach  Station, 
the  Hr.  Ms.  Tydeman  oceanographic  vessel,  on  a  Lynx 
helicopter,  on  a  Dutch  P3  Orion,  on  the  NCCOSC  RDT&E 
DIV  (NRaD)  airborne  platform,  and  on  buoy  systems.  This 
network  of  instrumentation  has  provided  a  comprehensive  data 
base  of  aerosol  size  distribution  profiles  and  relevant  meteoro¬ 
logical  variables  throughout  the  marine  atmospheric  boundary 
layer.  Thermal  imagery  was  included  to  provide  ground  truth 
for  assessing  the  low-level  propagation  effects  near  the  ocean 
surface.  Measurements  were  made  of  atmospheric  turbulence 
and  refractivity  effects  in  the  IR  and  RF  bands  to  assess  the 
marine  boundary  layer  effects  on  the  degradation  of  thermal 
images. 

Calibrated  targets  at  different  altitudes  were  observed  to  the 
maximum  observable  range  under  a  wide  variety  of  conditions 
in  both  the  3-5  and  8-12  pm  bands.  These  data  are  to  be  used 
for  the  development  and  validation  of  IRST  models  and  IR  ship 
signature  models  for  determining  the  effects  of  marine-generat¬ 
ed  aerosols,  turbulence  and  meteorological  profiles  on  their 
performance. 

1.  INTRODUCTION 

Atmospheric  aerosol  and  infrared  sea  and  terrain  background 
models  are  of  special  importance  for  the  assessment  of  the 
performance  of  electro-optical  (EO)  systems.  The  degradation 
of  the  radiance  contrast  between  a  target  and  its  natural 


background,  as  viewed  by  an  infrared  sensor,  is  determined  by 
the  constituents  of  the  intervening  atmosphere  that  absorb  and 
scatter  the  radiation.  The  assessment,  therefore,  depends  upon 
the  accuracy  of  the  atmospheric  models  being  used  in  the 
propagation  prediction  codes.  The  performance  of  the  electro- 
optical  systems  is  further  degraded  by  turbulence  and  refractivi¬ 
ty  effects,  causing  blurring,  scintillation,  beam  wander, 
mirages,  etc.  In  thermal  imagers,  these  effects  may  result  in 
image  distortion,  contrast  reduction,  and  other  detection  prob¬ 
lems. 

Presently,  the  Atmospheric  Transmission/Radiance  computer 
code,  LOWTRAN  [1,2],  is  the  primary  tool  used  for  this 
assessment.  With  the  inclusion  of  the  Navy  Aerosol  Model, 
NAM  [3-10],  into  LOWTRAN  6  [1]  and  an  upgraded  version 
of  NAM  into  LOWTRAN  7  [2],  users  are  now  able  to  deter¬ 
mine  the  effects  of  aerosols  on  EO  propagation  in  a  maritime 
environment.  This  model  has  proven  to  be  a  useful  tool  in 
predicting  atmospheric  transmission  in  the  marine  atmosphere 
along  horizontal  paths  at  shipboard  levels  (above  10  m). 
Another  atmospheric  aerosol  model,  NOVAM  [11-19]  (The 
Navy  Oceanic  Vertical  Aerosol  Model),  is  being  prepared  for 
inclusion  into  LOWTRAN/MODTRAN  and  accounts  for  the 
generation,  dispersal  and  removal  of  the  marine  aerosols, 
including  transport  processes,  in  the  vertical  dimension.  This 
model  uses  NAM  as  its  kernel  and  is  useful  for  predicting  the 
vertical  profiles  of  extinction  from  shipboard  heights  upward 
through  the  marine  boundary  layer.  However,  to  date,  the 
NAM  and  NOVAM  validation  has  been  restricted  to  a  limited 
range  of  meteorological  situations  and  geographical  locations 
and  must  be  extended  to  include  coastal  regions  with  substantial 
continental  aerosol  inputs.  Also,  recent  studies  have  shown  that 
NAM/NOVAM  in  their  present  forms  should  not  be  extrapolat¬ 
ed  into  the  region  very  near  the  surface  (below  10  m)  of  the 
ocean  for  predicting  atmospheric  properties  [20,  21], 

It  is  important  to  obtain  more  detailed  information  on  atmo¬ 
spheric  characteristics  for  the  3-5  and  8-12  micron  wavelengths 
in  the  first  few  meters  above  the  surface  of  the  ocean.  An 
effort  needs  to  be  undertaken  to  model  the  first  10  m  above  the 
ocean  surface  and  incorporate  it  in  LOWTRAN  for  prediction 
performance  of  EO  systems  used  for  detecting  low-altitude 
targets. 

In  response,  the  NATO  AC/243  (Panel  04/RSG.8),  in  collabo¬ 
ration  from  AC/243  (Panel  04/RSG.5),  planned  and  conducted 
a  field  experiment  to  address  these  very  problems.  The  name 
of  the  trial  was  entitled  the  Marine  Aerosol  Properties  and 
Thermal  Imager  Performance  (MAPTIP).  The  MAPTIP 
project,  in  principle,  consisted  of  two  parts,  i.e.,  the  develop¬ 
ment  and  validation  of  models  describing  atmospheric  effects  on 
electro-optical  propagation  properties  (aerosol  extinction, 
refraction,  and  turbulence)  and  the  assessment  of  thermal 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  "Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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imager  performance  in  a  maritime  environment.  In  this  unique 
effort,  these  two  disciplines  were  integrated  by  virtue  of  a 
cooperative  effort  between  two  NATO  study  groups  by  combin¬ 
ing  their  expertise  in  the  fields  of  atmospheric  propagation 
effects  and  IR  thermal  imagers,  targets  and  backgrounds. 

The  MAPTIP  trial  was  conducted  in  the  North  Sea,  between 
October  11  and  November  5,  1993.  The  geographical  layout  is 
shown  in  Figure  1.  Aerosol  and  meteorological  instruments,  as 
well  as  thermal  imagers  and  calibrated  targets,  were  utilized  on 
the  Dutch  Meetpost  Noordwijk  (MPN)  tower,  at  a  Katwijk 
Beach  Station,  on  the  Hr.  Ms.  Tydeman  oceanographic  vessel, 
on  a  Lynx  helicopter,  on  a  Dutch  P3  Orion,  on  the  NRaD 
airborne  platform,  and  on  buoy  systems.  This  network  of 
instrumentation  was  used  for  obtaining  a  comprehensive  data 
base  of  aerosol  size  distribution  profiles  and  relevant  meteoro¬ 
logical  variables  throughout  the  marine  atmospheric  boundary 
layer.  This  information  is  required  for  the  development  of  the 
next  generation  aerosol  model  ANAM  (Advanced  Navy  Aerosol 
Model).  Emphasis  was  placed  on  observations  close  to  the 
ocean  surface  (below  10m).  Thermal  imagery  was  also 
included  to  provide  ground  truth  for  assessing  the  ANAM 
model  development  for  low-level  propagation  predictions  near 
the  ocean  surface.  To  achieve  the  second  goal,  measurements 
were  made  of  atmospheric  turbulence  and  refractivity  effects  in 
the  IR  and  RF  bands  to  assess  the  marine  boundary  layer  effects 
on  the  degradation  of  thermal  images. 

The  MAPTIP  trial  was  organized  by  the  TNO  Physics  and 
Electronics  Laboratory  and  was  supervised  by  a  scientific 
committee  consisting  of  representatives  from  the  atmospheric 
effects  and  thermal  imaging  communities  associated  with  the 
NATO  AC/243  Panel  04/RSG.8  and  04/RSG.5.  Altogether, 
about  50  scientific  and  engineering  personnel  participated  in 
MAPTIP  from  19  institutes  located  in  9  countries  (Table  1). 
An  extensive  description  of  the  MAPTIP  trial  and  instrumenta¬ 
tion  provided  by  each  participating  institution  can  be  found  in 
the  work  plan  [22],  An  overview  of  the  MAPTIP  experiment 
for  the  RSG.8  and  RSG.5  participants  has  been  prepared  and  is 
available  upon  request  [23]. 

2.  SCIENTIFIC  OBJECTIVES 

The  scientific  objectives  of  the  MAPTIP  trial  were:  1) 
Improve  and  validate  vertical  marine  aerosol  models,  2)  Extend 
existing  aerosol  models  to  incorporate  near-surface  effects,  3) 


Institute  Institute  Country 

(Abbreviation) 

TNO  Physics  and  Electronics  Laboratory  TNO-FEL  NL 


Royal  Netherlands  Navy  KM  NL 

Ministry  of  Public  Works  RW  NL 

University  of  Antwerp  UIA  BE 

Defence  Research  Establishment  DREV  CA 

Valcartier 

Danish  Defence  Research  Establishment  DDRE  DK 

CELAR  CELAR  FR 

DG  A/DCN/CESD  A  DGA  FR 

Forschungs  Institut  fur  Optik  EfO  GE 

Fraunhofer  Institut  fiir  Atmospharische  IFU  GE 

Norwegian  Defence  Research  NDRE  NO 

Establishment 

University  of  Manchester  Institute  of  UMIST  UK 

Science  and  Technology 

Naval  Command  Control  and  Ocean  NRaD  USA 

Surveillance  Center,  RDT&E  DIV  543 
Naval  Postgraduate  School  NPS  USA 

Office  of  Naval  Research  ONR  USA 

Mesa  Inc.  MESA  USA 

Massachusetts  Institute  of  Technology  MIT  USA 

Naval  Surface  Warfare  Center  NSWC  USA 


Table  1.  MAPTIP  Participants. 

Assess  marine  boundary  layer  effects  on  thermal  imager 
systems,  4)  Provide  inputs  for  the  development  and  validation 
of  IRST  models,  5)  Provide  inputs  for  the  development  and 
validation  of  IR  ship  signature  models,  6)  Provide  additional 
data  for  analysis  in  areas  of  interest  and  importance  to  IR 
seeker  and  IR  IRST  applications.  The  latter  includes  horizon, 
sea,  and  coastal  clutter,  sea  and  sky  background  signatures, 
cloud  data,  day /night  and  dawn/sunset  variations,  turbulence, 
scintillation,  ducting,  mirage,  and  false  alarms. 

3.  EXPERIMENTAL  PROGRAM 

A  suite  of  instrumentation  was  mounted  on  the  seven  MAPTIP 
operational  platforms  to  characterize  the  atmosphere  and  to 
assess  the  performance  of  thermal  imagers.  Several  platforms 
served  a  dual  purpose  as  a  carrier  for  instrumentation  and  as  a 
target  for  the  imagers.  The  focal  platform  for  the  experiment 
was  the  Meetpost  Noordwijk  (MPN)  oceanographic  tower 
(owned  and  operated  by  the  Dutch  Ministry  of  Public  Works) 
located  9  km  from  the  Dutch  coast,  position  45°  16’  25.9"  N, 
04°  17’  45.8"  E.  A  land  based  facility  was  established  at  the 
lifeguard  station  on  the  beach  at  Katwijk.  Oceanographic  buoys 
were  located  near  MPN  and  at  a  position  a  few  kilometers  from 
the  beach  along  the  MPN-Beach  Station  line  of  sight.  The 
oceanic  research  vessel  Hr.  Ms.  Tydeman  from  the  Royal 
Netherlands  (RNL)  Navy  sailed  a  pre-described  pattern  in  the 
vicinity  of  the  MPN  tower.  Two  aircraft  and  a  helicopter 
completed  the  MAPTIP  scenario.  A  Lynx  helicopter  and  a  P3 
Orion  patrol  aircraft  were  made  available  by  the  RNL  Navy. 
The  second  aircraft  was  the  NRaD  airborne  platform  [24],  a 
twin-engine  Piper  Navajo.  The  operational  platforms  are  shown 
in  Figures  2  and  3. 

3.1  Meetpost  Noordwijk 

The  MPN  tower  was  used  both  for  comprehensive  meteorologi¬ 
cal  characterization  and  as  a  platform  for  thermal  imagers  and 
sources  (Figure  2).  During  MAPTIP  a  20  m  boom  was  used  by 
TNO-FEL  to  make  air  temperature  and  unperturbed  turbulence 
measurements  [25]  using  a  Gill  Sonic  Anemometer.  An 
Advanet  H,0  and  CO,  fluctuation  meter  was  also  installed  on  the 
boom  to  determine  the  respective  fluxes.  The  boom  was  further 
equipped  with  optical  particle  counters  (PMS  CSAS  200  P  and 
OAP)  to  determine  particle  size  distributions  at  low  levels  and 
to  profile  the  aerosol  distributions.  Mean  relative  humidity  and 
air  temperature  were  measured  on  the  boom  with  a  Rotronic 
Hygrometer.  Unfortunately,  only  few  data  were  collected  on 
the  boom  due  to  a  structural  failure  during  a  storm. 

On  the  helicopter  deck  located  at  18.6  m  above  mean  sea  level 
(MSL),  a  mast  was  rigged  by  UMIST  for  a  sonic  anemometer 
and  an  OPHIR  hygrometer  to  measure  the  turbulent  air  flow 
components,  air  temperature,  and  absolute  humidity.  UMIST 
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Figure  2.  MAPTIP 


Figure  3.  MAPTIP  operational  sequence  (airborne). 
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also  measured  aerosols  from  the  11.6m  deck,  where  a  meteoro¬ 
logical  station  was  mounted  to  determine  local  wind  speeds  and 
direction,  air  temperature,  and  relative  humidity.  The  sea  spray 
package  consisted  of  a  PMS  FSSP-100  and  a  PMS  OAP-230X 
optical  particle  counter.  Aerosol  size-segregated  composition 
was  determined  with  a  PMS  ASASP-X  in  combination  with  a 
volatility  system.  Soot  carbon  loadings  were  determined  with 
an  aetholometer.  Weather  conditions  and  sea  state  were 
monitored  and  pictures  were  recorded  with  a  video  camera.  A 
radon  counter  was  used  as  a  back-up  for  air  mass  analysis.  A 
second  radon  counter  and  a  condensation  nuclei  (CN)  counter 
were  operated  on  the  tower  by  NRaD. 

Aerosol  particle-size-distribution  profiles  were  measured  by 
NRaD  utilizing  an  optical  particle  counter  (PMS  ASSP-100), 
and  by  NRaD  and  TNO-FEL  with  Rotorod  impaction  samplers 
(for  particle  diameters  >  13  pm)  [26].  Particle-size-distribu- 
tion  profiles  were  obtained  in  the  size  range  from  0.5  to  100 
pm  diameter.  The  optical  particle  counter  measurements  were 
performed  with  the  instrument  mounted  in  a  box  that  was 
hoisted  up  and  down  from  the  15  m  deck.  The  NRaD  Rotorod 
was  also  mounted  on  this  box,  as  well  as  instrumentation  to 
measure  air  temperature  and  relative  humidity.  The  TNO-FEL 
Rotorod  measurements  were  made  with  the  samplers  mounted 
on  a  float  that  was  deployed  from  a  10  m  long  outrigger 
mounted  on  the  northwest  11.6  m  platform  [26].  Figure  4 
shows  measured  aerosol-size-distributions  taken  near  the  ocean 
surface  and  the  11.6  m  deck  for  low  (0. 1-2.1  m/s)  and  high 
(11-16  m/s)  winds. 

In  support  of  the  interpretation  of  the  aerosol  profile  measure¬ 
ments,  bubble  size  distributions  were  measured  at  fixed  depths 
from  0.5  to  2  m  below  the  sea  surface  with  an  optical  device 
deployed  on  a  floating  platform.  The  float  was  anchored  close 
to  the  MPN  aerosol  samplers  at  a  position  such  that  the  bubble 
measurements  were  free  of  the  MPN  platform  influences 
(currents  advecting  bubbles  generated  at  the  platform  structure). 
Bubbles,  when  protruding  the  water  surface,  generate  film  and 
jet  droplets  in  addition  to  spume  droplets  that  are  generated  by 
direct  tearing  in  high  winds  (wind  >  9  m/s).  These  data  will 
be  used  to  formulate  a  reliable  source  function  for  use  in 
aerosol  generation  models  involving  sea  salt  aerosols  [27,28]. 
Figure  5  shows  a  measured  bubble-size-distribution  at  1  m  and 
is  compared  with  data  from  open  literature. 

Information  on  the  vertical  structure  of  the  atmospheric 
boundary  layer  near  MPN  was  obtained  utilizing  Iidar  systems. 
The  NRaD  ANGVS/5  lidar  was  used  for  profiling  aerosol 
returns  near  the  ocean  surface  (  <  10  m),  and  the  TNO-FEL 
srnal  lidar  system  [29]  was  used  for  slant  path  measurements 
under  both  negative  and  positive  elevations.  The  lidar  returns 
will  be  used  for  studying  the  variability  of  the  inversion  height 
and  the  depth  of  the  transition  layer  [19].  Ship  plume  observa¬ 
tions  were  also  made. 
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Figure  4.  Measured  aerosol-size-distributions  at  MPN. 


Figure  5.  Measured  bubble-size-distribution  at  1  m  (solid  line) 
compared  with  data  from  the  open  literature. 

Direct  measurements  of  the  extinction  in  the  visible  (0.53  pm) 
and  at  10.6  pm  were  made  by  DREV  using  an  HSS  VR-310 
Forward  Scatter  meter  and  a  PVM-300  Forward  Scattering 
Probe,  respectively.  The  instrumentation  was  mounted  on  the 
15  m  deck.  This  location  is  well  exposed  to  the  prevailing 
winds  and  data  should  be  representative  of  conditions  unper¬ 
turbed  by  the  tower. 

Meteorological  data  were  routinely  measured  at  MPN  and  is 
part  of  the  North  Sea  monitoring  network.  Data  includes  wind 
speed,  direction,  air  and  sea  temperature,  atmospheric  pressure, 
relative  humidity,  tide  (water  level  land  current)  and  wave 
observations.  In  addition  to  these  observations,  TNO-FEL 
mounted  Rotronic  sensors  for  air  temperature  and  relative 
humidity  at  heights  of  5.2,  6.6,  13,  and  27  m  MSL  to  monitor 
the  atmospheric  surface  layer  structure  in  support  of  optical  and 
IR  measurements  of  atmospheric  refraction  phenomena.  A  rain 
gauge  and  a  pyranometer  were  added  to  this  suite  of  instrumen¬ 
tation. 

During  MAPTIP  four  thermal  imagers  were  located  on  MPN 
[30].  A  US  Kodak  2-5  pm  PtSi  radiometric  imager  was 
operated  by  MIT  and  a  TICM  II  camera  (8-12  pm),  made 
available  by  DRE  Funtington  (UK),  was  operated  by  TNO- 
FEL.  Both  cameras  were  mounted  on  the  11.6  m  deck  at  the 
southwest  corner  of  the  platform  where  unobstructed  measure¬ 
ments  could  be  made  of  sun  glint,  land  backgrounds,  and  ship 
and  airborne  targets.  On  the  top  deck  (18.6  m  MSL),  the 
Amber  Model  AE4128  Thermal  Imager  (InSb,  3-5  pm)  from 
DDRE  and  a  Philips  FLIR  (8-12  pnr)  from  TNO-FEL  were 
mounted. 

With  this  instrumentation,  both  IR  wavelength  regions,  3-5  and 
8-12  pm,  were  covered  at  each  level.  The  Hr.  Ms.  Tydeman, 
was  specially  equipped  with  IR  and  visible  sources,  the  Lynx 
helicopter  with  a  source  suspended  at  20  m  below,  and  the  P3 
Orion  and  the  Navajo  Piper  served  as  targets  for  IR  imaging. 
All  operations  utilizing  these  targets  were  scheduled  around 
MPN.  Figure  6  shows  the  3-5  and  8-12  pm  IR  images  of  the 
Hr.  Ms.  Tydeman  (stern  view).  Figures  7  and  8  show  the  3-5 
pm  image  of  the  Lynx  helicopter  and  the  P3  Orion,  respective¬ 
ly- 

A  number  of  IR  and  visible  sources  were  mounted  on  MPN. 
These  included  the  FfO  300°C  fixed  temperature  calibration 
source,  the  TNO-FEL  900°K  1000  Hz  modulated  source,  and 
a  sequence  of  visible  lamps  on  the  South  side  of  MPN.  The 
FfO  source  was  mounted  on  the  top  deck  as  a  reference  for  the 
FfO  imaging  systems  at  the  Katwijk  Beach  Station.  The  TNO- 
FEL  source  was  used  for  transmission  measurements  between 
MPN  and  the  Beach  Station.  The  visible  lamps  were  mounted 
by  DREV  at  differing  heights  above  MSL  from  about  3.5  to  20 
m  for  the  study  of  refractivity  effects. 

3.2  Katwijk  Beach  Station 

The  Katwijk  Beach  Station  consisted  of  two  platforms:  1)  the 
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Figure  6.  Hr.  Ms.  Tydeman  IR  images. 


Figure  7.  Lynx  IR  image. 


Figure  8.  P3  Orion  IR  image. 


lifeguard  station  at  the  beach  (Figure  2),  and  2)  the  parking  lot 
higher  on  the  boulevard.  FfO  operated  two  thermal  imaging 
systems  at  the  parking  lot  location:  1)  a  dual  waveband 
DUWIR  that  simultaneously  measures  in  the  3-5  and  8-12  pm 
bands,  and  2)  an  IRC-64  steering  array  camera  (InSb  64X64 
focal  plane  array)  sensitive  in  the  4.5  -  4.7  pm  wavelength 
region.  Sky  backgrounds  were  measured  in  the  2.5  -  8  pm 
wavelength  region.  Extended  black  bodies  were  located  close 
to  the  camera  systems  for  calibration.  Supporting  meteo¬ 
rological  measurements  (wind  speed  and  direction,  air  tempera¬ 
ture,  relative  humidity,  pressure,  visibility  and  up/down  welling 
radiance)  were  made  using  a  meteorological  station. 

Also  located  in  the  parking  lot  were  two  IFU  mobile  lidar 
systems:  1)  a  three-wavelengths  aerosol  lidar  (355,  532,  and 
1064  nm),  and  2)  a  1.56  pm  eye-safe  lidar.  The  three-wave¬ 
length  lidar  has  a  range  of  >  15  km  with  a  resolution  of  <;  15 
m  (532  and  355  nm)  and  <  30  m  (1064  nm).  The  1.56  pm 
eye-safe  lidar  has  a  range  of  >  15  km  with  a  resolution  of  15 
m.  With  these  range  capabilities,  the  atmospheric  structure  was 
characterized  from  the  Katwijk  Beach  Station  to  ranges  extend¬ 
ing  beyond  MPN.  Horizontal  and  vertical  variations  in  the 
extinction  coefficients  at  these  wavelengths  were  also  directly 
measured. 

On  the  upper  deck  of  the  Beach  Station  IFU  made  measure¬ 
ments  of  extinction  at  543  nm  and  1.56  pm  utilizing  a  two- 
wavelength  White-Cell  transmissometer.  CESDA  also  made 
0.55  pm  extinction  measurements  on  the  upper  deck  utilizing  an 
HSS  VR-301-B-120  visibility  meter.  Aerosol  size  distribution 
measurements  were  made  at  this  location  using  two  optical 
particle  counters  (ASASP-X  and  CSASP-100  HV).  A  meteoro¬ 
logical  station  recorded  wind  speed,  air  temperature,  and 
relative  humidity.  The  TNO-FEL  transmissometer  receiver  for 
the  MPN/Beach  Station  transmission  path  (10.44  km)  was  also 
on  the  upper  level  of  the  Beach  Station.  Using  the  1000  Hz 
source  on  MPN,  transmission  measurements  were  made  at 
wavelengths  in  the  visible  and  8-12  pm  bands. 

Also  on  the  upper  level  of  the  Beach  Station,  polarization 
measurements  in  the  3-5  and  8-12  pm  bands  were  made  by  NPS 
[31]  using  an  AGA  780  Thermovision  dual  band  radiometric 
imaging  system  fitted  with  IR  polarization  filters.  Preliminary 
results  indicate  that  the  use  of  the  polarization  filters  can 
suppress  the  backgrounds  and  can  enhance  target  detection 
significantly  (Figure  9). 

NDRE  operated  two  TICM-II  camera  systems  on  the  lower 
deck  of  the  Beach  Station,  i.e.,  in  the  3-5  pm  band  and  8-12 
pm  wavelength  bands.  For  continuous  calibration,  three 
sources  were  mounted  a  short  distance  from  the  cameras  on  the 
beach.  A  laser  range  finder  was  used  for  accurate  range 
determination  of  the  sources  and  the  Hr.  Ms.  Tydeman  and  the 
Lynx  helicopter  targets.  It  was  also  used  for  determining  the 
maximum  target  detection  ranges. 

Refraction  studies  were  made  by  DREV  to  test  the  WWKD 
model  [32]  over  open  seas  in  the  presence  of  waves.  A  series 
of  8  halogen  lamps  were  mounted  on  the  MPN  tower  between 
3.5  and  20  m  MSL,  and  four  lamps  on  the  Hr.  Ms.  Tydeman 
at  4,  8,  13,  and  23.7  m  MSL.  These  lights  were  monitored 
with  two  CCD  Sony  AVC-D5  visible  cameras  and  one  IR 
Mitsubishi  FPA  model  IR5120A  camera  (3. 3-5.0  pm).  All 
three  cameras  were  equipped  with  strong  telescopes.  Continu¬ 
ous  monitoring  of  the  light  sources  yielded  important  informa¬ 
tion  on  the  refractivity  phenomena  as  a  function  of  range  and 
weather  conditions.  Strong  refraction  was  observed  with  clear 
mirage  effects  during  large  air-sea  temperature  differences 
which  occurred  for  off-shore  winds  when  cold  air  masses  were 
being  advected  over  a  relatively  warm  water  surface  (Figure 
10).  Figure  11  shows  a  sequence  of  images  of  the  Hr.  Ms. 
Tydeman  mast  light  as  the  ship  was  reaching  the  maximum 
detection  range. 

The  objective  of  the  CELAR  experiment  was  to  study  the 
refractivity  effects  in  the  marine  boundary  layer  and  to  test  the 
refraction  model  "Bulk-CELAR".  Three  camera  systems  were 
used,  a  CASTOR  (8-12  pm),  a  Mitsubishi  model  IR  512  A  (3-5 
pm)  and  a  Sony  (visible)  to  collect  sequences  of  Hr.  Ms. 
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Figure  10.  IR  images  of  the  MPN  oceanographic  tower  (visible 
CCD  Sony  Camera). 
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Figure  9.  Polarization  images  of  the  Hr.  Ms.  Tydeman 


Tydeman  and  MPN  images.  The  CELAR  experiment  was 
similar  to  the  experiments  conducted  by  DREV.  The  Beach 
Station  also  served  as  the  receiver  and  monitoring  location  for 
the  CELAR  buoy  data. 


3.3  Hr.  Ms.  Tydeman 

The  oceanographic  research  vessel  Hr.  Ms.  Tydeman  (Figure 
2),  was  made  available  for  the  MAPTIP  trial  by  the  RNL  Navy. 
This  platform  served  as  a  imaging  target  for  the  ship-signature 
studies  (Figure  6),  and  as  a  platform  for  the  visible  and  IR 
sources  (Figure  11).  The  ship  was  instrumented  with  thermoco¬ 
uples  and  radiometers  to  monitor  the  temperatures  of  the  hull, 
stack  and  the  exhaust  plume.  A  visible/IR  6X3  light  source 
array  was  mounted  on  the  stern  for  refractive  studies.  The 
upper  and  lower  three  sources  emitted  predominantly  in  the  IR, 
the  middle  row  emitted  only  in  the  visible.  The  main  purpose 
was  to  have  a  low  altitude  intensive  IR  source  to  simulate  a 
point  target,  i.e.,  a  sea  skimming  missile  that  could  be  observ¬ 
able  at  variable  distances.  The  ship’s  operational  procedure 
allowed  for  the  maximum  use  of  this  low  level  IR  source.  On 
jnbound/outbound  radials  to  MPN  and  the  beach  station,  the 


Figure  1 1 .  Sequence  of  images  of  Tydeman  mast  light  as  the 
ship  was  reaching  the  maximum  detection  range  (visible  CCD 
Sony  Camera). 
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ship  made  elliptical  (oval)  turns  every  2  NMi,  staying  on  a 
steady  course  for  about  two  minutes  to  give  the  maximum 
opportunity  for  good  imaging  of  the  IR  source,  even  for  those 
imaging  systems  with  a  narrow  field  of  view  and  accounting  for 
the  rolling  and  pitching  of  the  ship.  A  typical  operational 
pattern  for  the  MAPTIP  trial  is  shown  in  Figure  2.  The  basic 
cruise  pattern  of  the  ship  was  to  sail:  1)  between  MPN  and  the 
Beach  Station,  2)  along  the  sun  glint  radial  from  MPN  to  way 
point  C,  and  3)  on  a  radial  away  from  the  sun  between  MPN 
and  weight  point  A.  The  B-C  radial  provided  over-the-horizon 
and  sun  glint  imaging  for  the  Beach  Station.  The  A-C  radial 
was  intended  for  detection  and  identification  runs  by  the  P3 
Orion.  The  outlined  operational  procedures  were  flexible  in 
response  to  special  requests  by  the  MAPTIP  participants  to 
allow  for  changes  in  the  atmospheric  and  weather  conditions. 

In  addition  to  the  IR/visible  sources,  DREV  mounted  halogen 
lamps  (reference  3.2)  on  the  Hr.  Ms.  Tydeman  to  supplement 
the  halogen  lamps  that  were  standard  equipment  on  the  ship. 
These  halogen  lamps  were  used  for  studying  the  refractivity 
effects  as  described  in  Section  3.2.  No  thermal  imagers  were 
mounted  on  the  Hr.  Ms.  Tydeman. 

TNO-FEL  operated  a  scanning  radiometer  on  the  port  of  the 
ship  for  elevation  measurements  of  sea  and  sky  horizon  back¬ 
grounds.  Also,  TNO-FEL  made  standard  meteorological 
measurements  on  the  ship,  i.e.,  wind  speed  and  direction,  air 
temperature,  relative  humidity,  pressure,  water  temperature, 
and  sea  states.  The  wind  and  temperature  sensors  were 
mounted  on  the  mast  of  the  foredeck.  Aerosol  particle  size 
distribution  measurements  were  made  utilizing  the  PMS  aerosol 
particle  counters  (AS AS  300  and  the  CSAS  100  HV).  Aerosol 
chemical  composition  was  determined  by  UIA  from  samples 
collected  with  a  May  impactor  inserted  in  a  sample  tunnel.  The 
aerosol  equipment  was  mounted  on  the  roof  of  the  bridge. 

Environmental  parameters  and  particle  size  distributions  were 
measured  continuously.  Impactor  samples  were  taken  only 
when  the  ship  was  steady  on  station  during  an  extended  period 
of  at  least  8  hours.  This  occurred  near  MPN  and  for  positions 
located  a  day  sailing  from  MPN.  The  main  purpose  of  the 
chemical  analyses  was  to  acquire  data  for  the  extension  of 
aerosol  models  from  the  MPN  area  to  a  larger  part  of  the  North 
Sea.  Some  speculation  has  been  made  about  the  relative 
contributions  of  aerosol  from  maritime  and  continental  origin  to 
explain  the  effect  of  wind  direction  on  the  wind-speed  depen¬ 
dence  of  the  aerosol  concentrations  [33].  Data  on  the  aerosol 
spatial  variability  and  other  environmental  parameters,  in  the 
direction  of  and  perpendicular  to  the  prevailing  winds  as.  a 
function  of  distance  from  the  coast,  are  required  for  definite 
conclusions  and  for  quantification  of  the  observed  effects.  The 
data  collected  on  the  Tydeman,  together  with  that  at  the  fixed 
locations  (MPN  and  Beach  Station)  will  serve  as  an  indicator 
for  variations  due  to  a  change  in  the  meteorological  conditions 
and  will  be  used  for  the  quantification  of  the  spatial  variability. 

An  average  of  five  radiosondes  were  released  daily  from  the 
Hr.  Ms.  Tydeman  to  characterize  the  atmospheric  vertical 
structure  along  the  operational  path.  The  timing  was  such  that 
a  good  temporal  coverage  of  vertical  soundings  was.  obtained 
during  the  intensive  operational  periods  by  combining  the 
Tydeman  radiosonde  soundings  with  the  vertical  profiles  taken 
by  the  Piper  Navajo.  The  information  on  the  atmospheric 
vertical  structure  is  of  crucial  importance  for  testing  NOVAM. 

3.4  NRaD  Airborne  Platform 

The  NRaD  airborne  platform  (Figure  3)  was  equipped  with 
aerosol  and  meteorological  instrumentation.  The  aerosol 
spectrometer  instrumentation  included  the  PMS  FSSP-100  and 
the  OAP-200.  The  meteorological  measurements  were  IR  sea 
surface  temperature,  air  and  dew  temperatures,  and  absolute 
pressure.  The  Navajo  flew  a  star  pattern  centered  on  the  MPN 
tower  to  monitor  the  spatial  variability  of  aerosols  and  meteoro¬ 
logical  conditions  (Figure  3).  At  the  start  and  end  of  each  star 
pattern  the  Navajo  profiled  the  vertical  structure  by  spiralling 
over  MPN  to  1524  m.  The  data  are  intended  to  be  used  for  the 
validation  of  NOVAM  and  in  the  development  of  ANAM. 
During  the  Navajo  in-  and  out-bound  radial  from  the  MPN 
tower  and  the  Beach  Station,  the  Navajo  served  as  a  target  for 


the  imaging  community.  On  special  occasions,  when  the  Hr. 
Ms.  Tydeman  made  long  tracks  and  there  was  no  need  to  fly 
the  complete  star  pattern,  in-  and  out-bound  radial  were  flown 
to  allow  for  continuous  tracking  of  the  aircraft  by  the  thermal 
imaging  community  as  a  function  of  altitude  and  distance  to  the 
horizon  (Figure  12). 


7  nmi  5  nmi 


3  nmi  0.5  nmi 


Figure  12.  IR  images  of  the  inbound  Navajo  at  different 
ranges. 

3.5  Lynx  Helicopter 

A  Lynx  helicopter  (Figure  3)  was  made  available  by  the  RNL 
Navy.  A  total  of  ten  dedicated  flights  were  made  throughout  the 
MAPTIP  trial.  The  helicopter  was  equipped  with  an  IR  point 
source  that  was  suspended  20  m  below  the  helicopter.  It  served 
as  a  target  by  hovering  at  a  number  of  fixed  positions  with 
respect  to  the  Beach  Station  and  MPN.  Figure  13  shows  the  IR 
image  of  the  Lynx  point  target  as  a  function  of  distance.  The 
distances  ranged  from  0.5  NMi  to  20  NMi.  The  helicopter  flew 
at  an  altitudes  of  24  m  (46  and  91  mat  the  largest  distances)  to 
keep  the  point  target  above  the  horizon.  The  flight  profile  is 


Row  Average  vs  Vertical  Sample  Standard  Deviation  of  Row  vg  Vertical  Sample 


Figure  13.  3. 5-4. 2  pm  thermal  images  of  the  Lynx  helicopter 
and  infrared  source  at  2.5  nmi,  26  Oct  93,  1637. 
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shown  in  Figure  3.  This  flight  sequence  allowed  for  the 
determination  of  the  maximum  detection  range  of  the  point 
source,  transmission  measurements,  and  imaging.  The  Lynx 
helicopter  was  also  equipped  with  a  FLIR  and  imaged  the 
Tydeman  during  each  flight.  Two  circles  were  flown  around  the 
ship  at  different  distances  and  heights  for  all  aspect  imaging, 

3.6  P3  Orion 

A  FLIR-equipped  P3  Orion  (Figure  3)  was  provided  by  the 
RNL  Navy  for  determing  detection  and  identification  ranges  on 
the  Hr.  Ms.  Tydeman  (while  the  ship  was  stopped).  Figure  l£ 
shows  the  P3  Orion  FLIR  image  of  the  Hr.  Ms.  Tydeman.  It 
also  served  as  a  target  for  the  imagers  at  the  Katwijk  Beach 
Station  and  the  MPN  tower  (Figure  3).  Both  outbound  and 
inbound  radials  were  made  (maximum  radial  distance  of  20 
NMi).  On  the  outbound  runs  the  Orion  was  tracked  until  the  IR 
signal  was  lost.  On  the  inbound  radials  the  objective  was  to 
determine  the  detection  range  for  the  P3. 


Figure  14.  Image  of  the  Hr.  Ms.  Tydeman  in  the  8-12  pm 
band  (recorded  with  the  FLIR-2000  for  the  P3  Orion). 


3.7  Buoys 

Three  buov  systems  were  deployed  during  MAPTIP.  NPS  de¬ 
ployed  a  coastal  climate  minimet  buoy  at  approximately  0.5 
NMi  NW  from  MPN.  This  buoy  was  instrumented  with  a  Gill 
Sonic  Anemometer  to  measure  the  components  of  the  turbulent 
air  and  the  air  temperature  at  5  m,  A  Rotronic  hygrometer  was 
also  installed  to  determine  the  mean  air  temperature  and  relative 
humidity  at  a  height  of  2  m  MSL.  A  1-D  accelerometer 
provided  wave  information.  CELAR  deployed  two  buoy 
systems  at  approximately  4  km  from  the  beach  near  the  Beach 
Station.  One,  a  Wave  Rider,  measured  instantaneous  wave 
heights,  while  the  other,  a  meteorological  buoy,  measured  the 
mean  air  temperature,  relative  humidity,  solar  irradiation,  wind 
speed,  wind  direction,  pressure  (all  at  a  height  of  3.4  m  MSL) 
and  sea  surface  temperature  (0.2  m  below  the  surface). 

In  addition  to  the  local  platform  measurements  described  above, 
meteorological  information  was  made  available  from  all  the 
meteorological  stations  located  in  the  North  Sea  and  from 
satellite  observation  of  sea  surface  temperatures.  Weather  maps 
and  air  mass  trajectories  were  also  made  available  for  the 
MAPTIP  trial  period  to  allow  larger-scale  interpretation  of  the 
MAPTIP  data. 

4.  DATA  OVERVIEW  AND  CONCLUDING  REMARKS 

The  MAPTIP  trial,  intended  as  a  coastal  maritime  environment 
experiment  for  developing  and  validating  marine  aerosol  models 
and  for  determining  the  effects  of  the  marine  atmosphere  on 
thermal  imager  performance,  turned  out  to  be  dominated  by 
continental  air  masses  with  little  maritime  influence.  The 
prevailing  winds  were  easterly,  in  contrast  to  normal  westerly 
flow.  However,  the  occurrence  of  off-shore  winds  (NNE-SSE) 


is  not  uncommon  in  this  area  [34].  The  resulting  meteorological 
situation  depends,  of  course,  on  the  season.  During  the 
MAPTIP  trial,  the  atmospheric  thermal  stratification  was  very 
unstable  due  to  a  cold  air  mass  being  advected  over  a  relatively 
warm  sea.  Because  such  situations  can  be  encountered  in  other 
areas,  we  feel  that  valuable  data  were  collected  for  studies  of 
the  effects  of  surface  layer  turbulence  and  thermal  stratification 
causing  strong  refractivity  effects  on  thermal  imager  perfor¬ 
mance. 

Unfortunately,  the  weather  situation  did  not  allow  for  an 
extensive  comprehensive  study  on  marine  aerosol  properties, 
i.e.,  the  fetch  was  short  and  little  aerosol  was  generated  from 
the  easterly  winds.  The  aerosol  sampled  at  MPN  was  predomi¬ 
nantly  of  continental  origin.  Only  a  limited  data  base  was 
obtained  for  use  in  extending  the  existing  aerosol  models  to 
incorporate  near-surface  effects.  On  the  other  hand,  all  other 
measurements  were  carried  out  as  planned. 

A  wide  variety  of  weather  conditions  from  clear  sunny  skies  to 
overcast  were  encountered.  Visibilities  ranged  from  dense  fog 
to  very  clear.  A  wide  range  of  thermal  stratifications  from  very 
unstable  (air  to  sea  temperature  differences  CASTD'I  of  more 
than  -9°C)  to  neutral  and  stable  (ASTD  of  +1°C)  occurred. 
Wind  conditions  ranged  from  light  to  gale  force  winds  (1-20 
m/s),  causing  sea  state  conditions  of  2.2  m  waves.  As  deduced 
from  the  lidar  data,  boundary  layer  structures  were  encountered 
where  turbulent  mixing  occurred  as  indicated  by  well-defined 
eddy  structures.  On  other  occasions,  convective  plumes  were 
observed  [19].  Also,  quiescent  boundary  layers  were  observed 
with  layered  structures.  Lidar  measurements  at  a  negative 
elevation  angle,  made  to  study  surface  layer  phenomena, 
indicated  influences  of  waves. 

All  operational  scenarios  were  well  documented  with  the 
available  meteorological  data  being  made  available  from  the 
various  platforms,  including  the  aerosol  measurements  and  the 
lidar  measurements  made  at  MPN  and  the  Beach  Station. 
Information  on  larger  spatial  variations  is  available  from  the 
star  patterns  flown  by  the  Navajo  and  in  particular  from  the 
long  treks  made  by  Hr.  Ms.  Tydeman.  The  MAPTIP  data  set 
will  be  uniquely  valuable  for  the  development  and  validation  of 
models  for  the  assessment  of  the  effects  of  atmospheric 
properties  on  electro-optical  systems. 

The  thermal  imager  data  provides  an  excellent  data  set  for  the 
evaluation  of  the  atmospheric  propagation  models.  The  trans¬ 
mission  data  that  can  be  deduced  from  the  target  measurements 
as  a  function  of  range  can  be  directly  compared  with  those 
derived  from  the  models.  Also,  the  detection  limit,  blurring, 
refraction  phenomena,  etc.,  were  measured  directly.  Range 
predictors  [35],  IRST  and  refraction  models  can  be  developed 
and  validated.  Preliminary  tests  of  the  refractive  models  show 
an  excellent  agreement  with  observed  refraction  phenomena, 
e.g.,  the  DREV  model  that  calculates  ray  bending  from 
atmospheric  parameters. 

An  extensive  data  set  for  the  analysis  of  thermal  imager 
performance  was  taken,  e.g.,  for  IR  seekers,  LR  IRST  applica¬ 
tion,  and  the  development  and  validation  of  ship  signature 
models.  A  data  base  of  such  data  has  been  collected,  e.g.  sea, 
sky  and  land  backgrounds,  sea  and  coastal  clutter,  horizon 
clutter,  cloud  data,  etc.  The  operational  period  was  shifted 
throughout  the  day  to  build  a  data  base  spanning  from  early 
morning  until  midnight.  Thus  day/night  variations  and 
dawn/sunset  variations  are  included.  Targets  were  observed  in 
the  sun  glint  during  early  hours.  Data  on  turbulence,  scintilla¬ 
tion,  and  refractive  effects  (mirage,  ducting)  are  available  as 
explained  above. 

All  the  MAPTIP  data  are  in  support  of  the  US  IRAMMP 
(Infrared  Analysis,  Measurements,  and  Modeling  Program)  and 
will  be  used  for  the  continued  development  of  models  describ¬ 
ing  the  performance  of  thermal  imagers.  These  include  ship 
signature  models,  IRST  models,  background  models,  point 
source  detection  models,  and  clutter  characterization  models. 
Combining  the  respective  models  for  targets,  backgrounds,  etc. 
with  atmospheric  models  and  an  adequate  description  of  the 
imager  system  parameters  is  expected  to  result  in  a  comprehen- 
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sive  model  for  the  assessment  of  thermal  imagers  for  a  variety 
of  targets  as  function  of  atmospheric  conditions. 
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SUMMARY 

Aerosol  particle  size  distributions  were  measured  during  the 
MAPTIP  experiment  at  Hr.Ms.  Tydeman.  Extinction 
coefficients  were  calculated  using  a  Mie  routine.  The 
analysis  shows  that  the  TNO  local  MPN  aerosol  model 
accurately  predicts  the  aerosol  extinction  for  data  in  its 
range  of  validity.  The  applicability  of  the  MPN  model 
decreases  outside  its  limits  for  geographical  region  and 
environmental  parameters.  The  model  is  compared  to  the 
Navy  Aerosol  Model.  The  chemical  composition  of  the 
aerosol  during  MAPTIP  is  discussed  in  terms  of  geography 
and  environmental  parameters. 

1.  INTRODUCTION 

The  performance  of  electro-optical  systems  is  affected  by 
suspended  aerosol  particles  that  scatter  and  absorb 
electromagnetic  radiation.  In  this  way,  the  atmospheric 
aerosol  is  in  part  responsible  for  the  degradation  of  the 
radiance  contrast  between  a  target  and  its  natural 
background,  as  viewed  by  an  infrared  sensor.  For  correct 
assessment  of  the  effective  range  of  electro-optical  systems 
in  a  given  meteorological  scenario  it  is  necessary  to 
understand  and  to  predict  the  effects  of  the  atmosphere  on 
propagation  of  electromagnetic  radiation.  Hence,  there  is  a 
need  for  accurate  atmospheric  models  that  can  be  used  in 
propagation  prediction  codes. 

Presently,  the  Atmospheric  Transmission/Radiance 
computer  code  LOWTRAN1  is  the  primary  tool  for  this 
assessment.  This  code  uses  the  Navy  Aerosol  Model,2,3,4 
NAM,  to  predict  the  transmission  in  the  marine  atmosphere 
along  horizontal  paths  at  shipboard  levels  (around  10  m). 
NAM  is  based  on  an  extensive  data  set  including  a  variety 
of  geographical  locations  and  performs  well  in  open-ocean 
conditions  at  mid-latitudes  in  low  to  moderate  wind  speeds. 
Nevertheless,  discrepancies  have  been  observed  in  sub¬ 
tropical  regions,  high  wind  conditions  and  in  coastal  areas 
with  polluted  continental  air  masses.5,6,7  Apparently,  the 
influence  of  a  variety  of  nearby  local  sources  is  not  well 
handled  by  NAM. 

A  local  aerosol  model  has  been  developed  for  the  polluted 
North  Sea,  based  on  aerosol  size  distributions  as  measured 


during  the  HEXMAX  experiment8  in  October  -  November 
1986  at  the  Meetpost  Noordwijk  (MPN),  a  platform  located 
at  9  km  off  the  Dutch  coast.  The  MPN  aerosol  model 
calculates  the  aerosol  extinction  in  two  steps.  First,  the 
aerosol  size  distribution  is  calculated  from  meteorological 
parameters,  including  wind  direction.9  Hie  wind  rose 
between  1 10  -  340°  is  partitioned  in  various  sectors  based 
on  industrial,  rural  continental  and  predominantly  marine 
influences.  Subsequently,  an  approximated  Mie-algorithm 
is  used  to  calculate  the  aerosol  extinction  from  the  size 
distribution.  The  model  predicts  the  aerosol  extinction  to 
within  a  factor  of  2.0  (68%  confidence  limit),  which  is  a 
factor  of  2  better  than  the  generally  used  NAM  model.5  The 
effect  of  wind  direction  on  the  aerosol  extinction  has  been 
ascribed  to  the  relative  contribution  of  aerosol  from  marine 
and  continental  origin.10  Data  on  the  spatial  variability  of 
aerosol  and  other  environmental  parameters,  at  various 
distances  from  the  coast,  are  required  to  validate  the  MPN 
aerosol  model  and  to  ascertain  the  geographical  limits  of  its 
applicability. 

The  MAPTIP  (Marine  Aerosol  Properties  and  Thermal 
Imager  Performance)  experiment,11  conducted  between 
October  1 1  and  November  5,  1993,  yielded  new  data  sets 
on  aerosol  particle  size  distributions  and  environmental 
parameters  in  the  area  of  Meetpost  Noordwijk  (MPN). 
During  MAPTIP,  the  oceanic  research  vessel  Hr.Ms. 
Tydeman  was  made  available  by  the  RNL  Navy.  One  of  the 
tasks  of  Hr.Ms.  Tydeman  was  to  monitor  environmental 
conditions  and  their  spatial  variations.  Standard 
meteorological  parameters  such  as  wind  speed,  wind 
direction,  air  temperature,  relative  humidity,  pressure  and 
water  temperature  were  measured  continously.  In  addition, 
aerosol  particle  size  distributions  were  recorded  and 
impactor  samples  were  taken  at  several  times  to  determine 
the  aerosol  chemical  composition.  The  operational  sequence 
of  MAPTIP  was  chosen  such  that  Hr.Ms.  Tydeman  was  able 
to  collect  data  both  near  MPN  and  at  various  locations  a  day 
sailing  from  MPN.12  Figure  1  presents  the  composite  sailing 
schedule  of  Hr.Ms.  Tydeman. 

The  present  contribution  focusses  on  the  aerosol  extinction, 
calculated  from  the  particle  size  distributions  measured  at 
Hr.Ms.  Tydeman.  The  experimental  extinction  values  are 
compared  to  predictions  by  NAM  and  the  local  MPNaerosol 
model.  We  show  that  the  local  MPN  model  provides  an 
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Figure  1:  Composite  sailing  schedule  of  Hr.Ms.  Tydeman.  The 
position  of  the  MPN  tower  is  indicated  by  the  arrow.  The  dashed 
lines  define  the  regions  used  in  the  assessment  of  spatial 
variability  of  the  aerosol  extinction. 

accurate  estimate  of  the  aerosol  extinction  close  to  the  MPN 
tower,  but  that  the  accuracy  is  reduced  further  from  the 
coast.  The  aerosol  extinction  and  aerosol  chemical 
composition  is  discussed  in  terms  of  environmental 
parameters. 

2.  EXPERIMENTS 

2.1  Aerosol  sampling 

Two  Knollenberg  optical  particle  counters  (Particle 
Measuring  Systems,  Boulder,  Colorado)  were  used  to 
measure  particle  size  distributions  in  the  0.16  -  32  pm 
diameter  range,  that  is,  an  AS  AS  300  A  active  probe  and  a 
CSAS  100  HV  classical  probe.  The  probes  were  mounted 
on  the  roof  of  the  bridge  of  Hr.Ms.Tydeman,  at  a  height  of 
approximately  15  m  above  the  mean  water  level.  The 
aspiration  tubes  were  manually  pointed  into  the  wind.  The 
probes  were  operated  unattended  and  could  thus  be  used  24 
hours  per  day.  Down  times  occurred  due  to  rain, 
maintainance,  data  processing  and  storage,  probe  failure, 
etc. 

The  data  were  stored  and  digitized  in  the  data  acquisition 
system  and  transferred  to  a  personal  computer,  via  an  IEEE 
interface  at  preset  time  intervals.  Particle  size  distributions 
dN/dD  (pnr'cm'3)  were  calculated  and  stored  together  with 
meteorological  parameters  obtained  from  Hr.Ms.  Tydeman 
standard  instrumentation  and  TNO  operated  sensors.  The 
size  distributions  were  averaged  over  10-min  periods  and 
polynomials  of  degree  1  and  5  were  fitted  to  the  datapoints 
in  log  (dN/dD)  versus  log  (D)  space. 


Aerosol  samples  for  elemental  analysis  were  collected  in  a 
continuous  forced  air  flow  inside  a  wind  tunnel,  which 
directed  itself  continuously  towards  the  wind.  The  wind 
tunnel  was  mounted  next  to  the  PMS-probes,  at  a  height  of 
approximately  16  m  above  the  mean  water  level.  The 
aerosols  were  separated  by  a  Batelle  cascade  impactor  (cut 
off  diameters  0.25,  0.5,  1,  2, 4,  8  and  16  pm)  and  collected 
on  quarz  reflector  holders.  Aerosol  collection  took  place 
while  Hr.Ms.  Tydeman  was  anchored  and  sample  times 
were  typically  11.5  hours.  The  samples  were  subsequently 
analyzed  at  the  University  of  Antwerp  (UIA)  by  the  Total- 
Reflection  Xray  Fluorescence  (TXRF)  Technique"  to  yield 
the  elemental  composition  in  each  size  bin. 

2.2  Postprocessing 

The  experimental  aerosol  size  distributions  were  used  to 
compute  extinction  coefficients  at  5  wavelengths  (10.6, 4.0, 
1.064,  0.6943  and  0.55  pm),  with  an  upgraded  version  of 
the  FEL-TNO  Mie  code.13,14  This  code  yields  an  exact 
solution  for  each  size,  and  uses  a  Simpson  integration 
method  to  integrate  over  the  particle  size  distribution  until 
a  specified  accuracy  (0.01)  is  obtained.  Since  extinction  was 
not  measured  directly  at  the  Hr.Ms.  Tydeman,  we  consider 
those  extinctions  to  be  the  best  estimate  of  the  actual  aerosol 
extinctions  during  the  experiment. 

The  NAM  model  predicts  an  aerosol  extinction  based  on 
u24,  the  average  wind  speed  in  the  previous  24  hours,  m10N, 
the  wind  speed  at  10  m  height  in  neutral  conditions,  the 
relative  humidity  and  the  visibility.  The  local  MPN  aerosol 
model  uses  «10N,  the  wind  direction,  the  relative  humidity 
and  the  ASTD  (air-sea  temperature  difference)  to  calculate 
the  aerosol  extinction.  To  supply  the  input  parameters  for 
the  models,  the  values  of  the  wind  speed  u  measured  at  22.6 
m  above  mean  sea  level  were  converted  to  m10N.  Corrections 
were  made  using  Liu  et  al ,1S  and  the  shallow-water 
expression  for  the  drag  coefficient  CDN  that  applies  to  the 
MPN  area.8,16  Subsequently,  u24  was  calculated  from  the 
w10N  values.  Because  no  direct  measurements  were  made  of 
the  visibility  at  0.55  pm  at  Hr.Ms.  Tydeman,  we  have 
calculated  the  visibility  VIS  from  the  extinction  coefficients 
a  at  0.55  pm  obtained  with  the  exact  Mie  code:  VIS  = 
3.915  /a. 

2.3  Validation 

The  data  set  of  the  PMS  probes  was  validated  prior  to  the 
analysis.  In  the  last  week  of  the  experiment,  only  a  partial 
aerosol  spectrum  (0.75  -  32  pm)  could  be  recorded  during 
nights  due  to  failure  of  the  AS  AS  probe.  The  lack  of  data  on 
smaller  diameters  (0.16  -  0.75  pm)  gave  rise  to  systematic 
underestimation  of  the  slope  of  the  Junge  fit  compared  to 
records  which  contained  the  full  size  range  (0.16  -  32  pm). 
Therefore,  the  records  with  partial  spectra  have  been 
removed  from  the  data  set. 

A  heavy  fog  developed  in  the  morning  of  Sunday  31 
October.  The  fog  lasted  untill  the  evening  of  Tuesday  2 
November,  but  was  most  dense  on  Sunday.  The  fog  was 
accompanied  by  high  humidity,  which  could  give  rise  to  a 
slight  supersaturation.  Under  these  conditions  the 
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hygroscopic  aerosols  may  be  activated.  They  grow  very 
rapidly  in  size  and  behave  as  cloud  droplets.  Consequently, 
they  cannot  be  described  by  equations  that  apply  to 
subsaturated  aerosol.  We  decided  to  study  the  fog  event  on 
Sunday  31  October  as  a  case  study. 

Small  numbers  of  data  records  were  removed  from  the  data 
set  because  they  were  polluted  by  the  diesel  exhaust  from 
the  stack  or  because  Hr.Ms.  Tydeman  made  short  port  calls 
to  Scheveningen  and  Umuiden.  Incidentally,  records  were 
rejected  for  other  reasons.  A  total  of  1518  data  records 
(76%)  was  available  for  the  analysis. 

The  NAM  model  could  be  applied  to  1254  data  records. 
The  remaining  records  lacked  one  or  more  of  the 
environmental  input  parameters  required  for  the  NAM 
calculation  (mostly  relative  humidity).  The  local  MPN 
aerosol  model  could  be  applied  to  only  794  data  records, 
because  wind  direction  data  of  the  Hr.Ms.  Tydeman  were 
not  always  available.  In  the  future,  the  data  set  will  be 
completed  with  wind  direction  data  from  the  MPN  tower, 
for  the  periods  that  Hr.Ms.  Tydeman  was  in  the  vicinity  of 
MPN. 


3.  ANALYSIS 

3.1  Assessment  of  the  performance  of  aerosol  models 

The  performances  of  NAM  and  the  local  MPN  aerosol 
model  were  assessed  from  logarithmic  scatterplots  of  the 
extinction  predicted  by  either  model,  versus  the  extinction 
as  calculated  from  the  experimental  aerosol  size 
distributions.  For  these  plots,  the  standard  deviation  oy=x  of 
the  data  points  with  respect  to  the  line  Y  =  X  (ideal  model 
performance)  was  calculated.  The  value  of  oy=x  is  a  measure 
for  the  factor  F  to  within  the  model  predicts  the 
experimental  aerosol  extinction  (68%  confidence  limit): 
oy=s  =  log  F. 

3.2  Validation  of  the  local  MPN  aerosol  model 

The  local  MPN  aerosol  model  predicts  the  aerosol 
extinction  at  the  MPN  tower  for  wind  directions  between 
110  and  340  °N. 9  Therefore,  we  decided  to  use  only  those 
data  records  for  the  validation  that  had  been  collected  in  the 
vicinity  of  the  MPN  tower,  i.e.,  in  a  region  centered  around 
MPN  with  a  radius  of  roughly  40  km.  This  subset  was  then 
further  reduced  by  imposing  the  restriction  of  a  wind 
direction  between  110  and  340  °N  during  data  collection. 
Unfortunately,  during  the  MAPTIP  campaign  the  prevailing 
wind  direction  was  east  and  only  a  limited  amount  of  data 
records  was  recorded  in  wind  directions  between  1 10  and 
340  °N.  As  a  consequence,  the  subset  for  validation  of  the 
MPN  model  is  rather  small.  Data  records  are  only  available 
for  the  wind  sectors  110-155  °N  and  240-310  °N.  Table  1 
presents  the  performance  of  the  MPN  model  and.  for 
comparison,  the  performance  of  NAM.  In  addition,  the 
perfomances  of  the  NAM  and  MPN  models  obtained 
previously  for  the  HEXMAX  data  set  (on  which  the  MPN 
model  is  based)  are  listed.5 


Table  1 :  Performance  of  the  local  MPN  aerosol  model  and  NAM 
in  the  vicinity  of  the  MPN  tower.  The  row  labelled  N  indicates  the 
number  of  data  records  available  in  each  wind  sector. 
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4.1 

Table  1  shows  that  overall  the  MPN  model  predicts  the 
aerosol  extinction  within  a  factor  of  2.2,  which  is  close  to 
the  performance  of  2.0  reported  earlier.5  Although  the 
present  validation  is  based  on  a  rather  small  dataset,  this  is 
encouraging.  It  proves  that  for  an  arbitrary  aerosol  sample 
the  MPN  model  prediction  is  accurate,  within  its  limits  of 
application.  The  MPN  model  predicts  the  aerosol  extinction 
more  accurate  than  the  NAM  model,  which  supports  the 
suggestion  that  the  predictions  from  general  models  such  as 
NAM  must  be  carefully  interpreted  for  a  polluted  coastal 
area. 

The  MPN  model  performs  better  in  the  240-310  °N  wind 
sector.  This  may  reflect  that  for  the  original  formulation  of 
the  model  more  aerosol  data  was  available  for  this  wind 
sector  (224  hours  of  sampling)  than  for  the  110-155  °N 
wind  sector  (28  hours  of  sampling),9  which  leads  to  a 
reduced  accuracy  for  the  latter  wind  sector.  The  MAPTIP 
data  set  with  predominantly  easterly  winds  provides  a  tool 
to  increase  the  performance  of  the  MPN  model  in  the  1 10- 
155  °N  wind  sector  and  to  extend  the  model  to  wind 
directions  smaller  than  110  °N. 

3.3  Spatial  variations 

One  of  the  TNO  objectives  in  MAPTIP  was  to  assess  the 
geographical  limits  of  the  validity  of  the  local  MPN  aerosol 
model  for  the  North  Sea.  To  this  end,  Hr.Ms.  Tydeman 
made  various  treks  over  the  North  Sea.  To  assess  the  spatial 
variability,  the  aerosol  data  set  was  partitioned  into  4 
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subsets  (cf.  Figure  1):  a)  the  vicinity  of  MPN  ;  b)  the  region 
west  of  MPN;  c)  the  region  north  of  MPN;  and  d)  the  region 
southwest  of  MPN. 

During  the  treks  of  Hr  .Ms.  Tydeman,  only  a  small  amount 
of  data  was  collected  while  the  wind  direction  was  between 
110  and  340  °N  (37  data  records  total).  However,  these 
data  show  that  the  accuracy  of  the  MPN  model  decreases 
when  Hr  .Ms.  Tydeman  is  not  in  the  vicinity  of  the  MPN 
tower.  The  decrease  is  not  surprising,  since  the  transport  of 
aerosol  from  sources  on  the  continent  and  in  the  UK  is  only 
taken  into  account  for  the  immediate  vicinity  of  the  MPN 
tower  by  virtue  of  its  dependence  on  wind  direction  and 
wind  speed.  The  partitioning  in  wind  direction  was  made  in 
the  first  place  to  account  for  different  source  regions.  Of 
course  also  the  fetch,  and  thus  aerosol  transport,  changes 
with  wind  direction.  The  transport  mechanism  is  further 
affected  by  wind  speed,  as  explained  by  Van  Eijk  and  De 
Leeuw.9  However,  to  generalize  the  MPN  model,  the 
empirical  equations  must  be  extended  with  physical 
descriptions  of  the  transport  processes.  The  Hr.Ms. 
Tydeman  data  set  has  been  collected  for  this  purpose. 

The  limited  data  set  offers  few  possibilities  to  assess  the 
spatial  variability  of  the  aerosol  extinction.  To  increase  the 
data  set  it  is  necessary  to  extend  the  MPN  model  to  wind 
directions  smaller  than  1 10  °N  and  larger  than  340  °N.  As 
a  zero-order  approximation,  we  have  extended  the  wind 
sector  labelled  'North  Sea’  (3 10  -  340  °N)  to  3 10  -  030  °N 
and  the  sector  'rural  region  of  Holland'  (1 10  -  155  °N)  to 
030  - 155  °N. 9  In  this  way,  the  MPN  model  covers  the  full 
wind  rose. 

The  performances  of  the  extended  MPN  and  the  NAM 
models  for  the  various  regions  are  presented  in  Table  2.  The 


table  shows  that  the  extended  MPN  model  predicts  the 
aerosol  extinction  in  the  vicinity  of  the  MPN  tower  to  within 
a  factor  of  3.7,  compared  to  a  factor  of  2.2  for  the  original 
MPN  model  (cf.  Table  1).  Clearly,  the  zero-order  extension 
is  too  crude  and  must  be  refined  in  the  future  to  take 
explicitly  into  account  the  aerosol  advected  from 
Amsterdam  (and  its  harbor)  and  the  industrial  area  near 
Umuiden. 

Table  2  supports  the  conclusion  mentioned  above  that  the 
accuracy  of  the  MPN  model  decreases  outside  the  vicinity 
of  the  MPN  tower.  The  prevailing  easterly  winds  prompt  the 
MPN  model  to  include  a  large  amount  of  aerosol  of 
continental  origin  and  relatively  few  aerosol  of  marine 
origin,  due  to  the  limited  fetch.  Further  away  from  the  coast, 
the  contribution  of  continental  aerosol  decrease  due  to 
removal  processes.  As  a  consequence,  the  aerosol  extinction 
in  this  region  decreases,  especially  for  the  visible  and  near- 
IR  wavelengths.  On  the  other  hand,  the  contribution  of 
marine  aerosol  will  increase  with  increasing  fetch,  leading 
to  larger  aerosol  extinction,  especially  for  the  far-IR 
wavelengths.  The  net  effect  depends  on  their  relative 
importance.  We  found  that  the  MPN  underestimates  the 
aerosol  extinction,  in  particular  for  the  far-IR  wavelengths. 
This  suggests  that  the  effect  of  the  increased  concentration 
of  marine  aerosol  dominates  tire  effect  of  the  decrease  in 
concentration  of  continental  aerosol. 

The  above  reasoning  explains  why  the  MPN  model 
prediction  is  less  accurate  for  the  region  'west'  compared  to 
the  region  'MPN'.  For  the  regions  'north'  and  'southwest', 
other  factors  are  of  importance  too.  The  average  wind  speed 
encountered  by  Hr.Ms.  Tydeman  while  in  the  regions  'north' 
and  'southwest'  was  some  4  m/s  more  than  in  the  regions 
'MPN'  and  'west'.  The  wind  speed  in  combination  with  the 


Table  2:  Performance  of  the  NAM  and  extended  MPN  models  for  various  geographical  regions  and  for  the  total  data  set.  The  column 
labelled  N gives  the  number  of  data  records  for  each  model  in  each  region. 


Model 

N 

MPN 

794 

4.1 

NAM 

1254 

1.9  ! 

MPN 

531 

3.2 

NAM 

888 

2.0 

MPN 

63 

3.6 

NAM 

103 

1.9 

MPN 

81 

5.6 

NAM 

108 

1.6 

MPN 

119 

NAM 

153 

1.7 

2.3 

2.5 

2.6 

3.9 

3.1 

2.8 

5.5 

6.2 

1.7 

1.8 

9.5 

9.8 

1.7 

2.1 
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larger  fetch  must  have  resulted  in  an  increased 
concentration  of  marine  aerosol  in  these  regions,  as 
compared  to  the  prediction  by  the  MPN  model.  Hence,  the 
MPN  model  substantially  underestimates  the  aerosol 
extinction  in  the  regions  'north'  and  'southwest'  resulting  in 
a  poor  performance.  The  increased  contribution  of  aerosol 
of  marine  origin  in  the  regions  'north'  and  'southwest'  is  also 
reflected  in  the  performance  of  the  NAM  model.  This  model 
yields  better  results  for  the  more  marine  conditions 
encountered  in  these  regions.  This  supports  our  earlier 
conclusion9  that  in  air  masses  with  a  large  marine 
component  NAM  performs  well,  even  in  coastal  areas. 

3.4  Atmospheric  stability 

The  MAPTIP  experiment  was  characterized  by  unstable 
thermal  stratifications,  with  an  average  ASTD  (air-sea 
temperature  difference)  of  approximately  -4  °C.  In  very 
unstable  conditions,  the  values  of  the  ASTD  reached  -9  °C, 
whereas  values  of  +1  °C  were  observed  in  neutral  and 
stable  conditions.  The  effect  of  the  ASTD  on  the 
performance  of  the  NAM  and  MPN  aerosol  models  is 
assessed  in  Table  3. 


Table  3:  Performance  of  the  NAM  and  MPN  aerosol  models  for 
very  unstable  thermal  stratification  (ASTD  <  -4  °C),  and  other 
thermal  stratifications  (ASTD  >  -4  °C). 


ASTD 

N 

415  /  719 

380  /  536 

X  =  10.6  pm 

MPN 

3.5 

NAM 

1.7 

2.3 

X  =  4.0  pm 

MPN 

5.1 

6.0 

NAM 

2.5 

4.3 

X  =  1.064  pm 

MPN 

3.7 

5.2 

NAM 

2.0 

2.5 

SX 

MPN 

4.1 

5.3 

NAM 

2.1 

2.9 

The  table  shows  that  the  performance  of  the  aerosol  models 
is  reduced  during  very  unstable  thermal  stratification.  For 
the  MPN  model,  this  probably  reflects  that  the  model  is  not 
correctly  parameterized  for  these  extreme  conditions.  The 
original  formulation  was  based  on  a  data  set  with  ASTD 
values  in  the  range  of  -4.5  to  +3  °C.  The  present  results 
show  that  the  ASTD  dependence  cannot  be  extrapolated  to 
very  unstable  conditions. 

The  reduced  performance  of  the  NAM  model  may  be 
attributed  to  the  meteorological  conditions  during  MAPTIP. 
In  unstable  conditions,  rising  thermals  and  associated 


downward  motions  of  colder  air  parcels  cause  efficient 
mixing  of  the  aerosol  throughout  the  boundary  layer 
resulting  in  a  reduced  concentration  of  aerosols  at  deck 
level.  Opposed  to  this  effect,  the  whitecap  coverage  which 
relates  to  the  aerosol  production,  becomes  larger.17  During 
MAPTIP,  the  production  of  marine  aerosol  was  low  due  to 
the  limited  fetch  in  the  predominantly  easterly  winds. 
Consequently,  the  NAM  model  overestimates  the  amount  of 
aerosol  and  yields  an  aerosol  extinction  that  is  too  high. 

3.5  Chemical  composition 

Impactor  samples  have  been  collected  during  MAPTIP  to 
determine  the  composition  of  the  aerosol  as  a  function  of 
size  and  geographical  location.  Table  4  presents  dates  and 
locations  of  the  various  samples.  The  aerosol  was  collected 
in  7  size  bins,  and  for  each  size  bin  the  concentrations  of  18 
elements  in  the  aerosol  have  been  determined.  For  the 
analysis,  we  have  selected  4  elements  that  are  characteristic 
for  aerosol  from  anthropogenic  sources  (Cu,  Zn,  Pb,  Se)  and 
3  elements  that  are  characteristic  for  marine  aerosol  (Ca,  Sr, 
Cl).  Figures  2  and  3  present  the  mass  distributions.  The 
figures  show  clearly  that  the  smaller  aerosol  is  predomi- 


Table  4:  date  and  location  of  impactor  samples.  The  asterisk 
denotes  a  time  on  the  following  day. 


Sample 

Date 

Time 

Region 

A 

24  Oct 

01.00-12.25 

southwest 

B 

26  Oct 

19.15-07.30* 

MPN 

C 

28  Oct 

20.20-07.45* 

west 

D 

30  Oct 

07.30-  19.20 

southwest 

E 

1  Nov 

18.30-06.30* 

MPN 

— •—  Cu  — Zn  “■#-  Pb  ^  '  Se 


Figure  2:  Average  mass  distribution  of  elements  characteristic  for 
aerosols  from  anthropogenic  sources 
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—  Ca  — —  Sr  — *•—  Cl 


Figure  3:  Average  mass  distribution  of  elements  characteristic  for 
aerosol  of  marine  origin. 


Table  5:  elemental  concentration  of  aerosol  in  ng/m3 


B+E 

A+C+D 

A+B 

C+D+E 

mpn 

mpn 

Cu 

5.1 

3.6 

1.0 

6.3 

Zn 

15.9 

24.7 

4.0 

31.0 

Pb 

17.4 

17.3 

4.7 

25.8 

Se 

0.63 

1.15 

0.08 

1.52 

Ca 

52.5 

114 

112.5 

74 

Sr 

0.48 

1.18 

1.34 

0.61 

Cl 

277.5 

52.9 

1023 

32.3 

Table  6:  elemental  concentration  of  aerosol  in  ng/m3  for 
consecutive  impactor  samples 


B 

A 

E 

C+D 

mpn 

mpn 

Cu 

0.7 

1.3 

9.4 

4.8 

Zn 

3.1 

4.9 

26.9 

33.8 

Pb 

7.88 

1.56 

27.0 

25.2 

Se 

0.09 

0.07 

1.17 

1.70 

Ca 

74 

151 

31 

96 

Sr 

0.75 

1.92 

0.21 

0.81 

Cl 

531 

1515 

24 

36.5 

nantly  of  anthropogenic  origin,  whereas  the  larger  aerosol 
is  of  marine  origin.  This  result  justifies  our  approach  in  the 
local  MPN  aerosol  model  to  treat  the  aerosol  at  the  North 
Sea  as  a  mixture  of  smaller  aerosol  of  continental  origin  and 
larger  aerosol  of  marine  origin.9 

Table  5  presents  results  of  the  elemental  analysis  of  the 
aerosol  samples.  For  each  impactor  sample  (A-E)  the 
elemental  concentrations  have  been  summed  over  all  size 
bins  to  yield  total  concentration  per  impactor  sample.  In 
table  5,  we  present  the  average  total  element  concentration 
for  the  impactor  samples  collected  near  MPN  (B+E)  and  for 
the  samples  collected  at  some  distance  of  the  coast 
(A+C+D).  For  the  latter  samples,  the  fetch  was  larger  in  the 
easterly  winds.  This  should  result  in  a  larger  concentration 
of  'marine'  elements  (Ca,  Sr  and  Cl)  and  in  a  smaller 
concentration  of  'anthropogenic'  elements  (Cu,  Zn,  Pb  and 
Se).  The  table  shows  that  the  expected  behaviour  is  only 
observed  for  3  of  the  7  elements  (Cu,  Ca  and  Sr).  This  is 
due  to  a  change  in  the  general  conditions,  which  is 
explained  below.  If  we  compare  individual  impactor 
samples  that  were  collected  consecutively,  the  results  are 
better  in  line  with  the  expectation. 

Tlius,  for  the  assessment  of  spatial  variability  we  may 
compare  sample  B  (near  MPN)  to  sample  A  (southwest), 
and  sample  E  (near  MPN)  to  samples  C+D  (west, 
southwest).  The  comparison  is  shown  in  table  6.  The 
'marine'  elements  (Ca,  Sr,  Cl)  now  all  show  the  expected 
increase  in  concentration  for  a  location  at  some  distance  of 
the  MPN  tower.  For  the  'anthropogenic'  elements,  the 
expected  decrease  in  concentration  for  a  location  at  some 
distance  from  MPN  is  only  observed  in  50%  of  the  cases. 
Apparently,  more  data  is  needed  for  a  firm  conclusion  about 
the  spatial  variability  of 'antropogenic'  aerosol. 

The  aerosol  content,  both  physically  and  chemically, 
changed  markedly  during  the  MAPTIP  experiment.  This 
resulted  in  a  large  change  in  visibility  in  the  afternoon  of  28 
Oct.  Prior  to  this  time  the  visibility  was  good  (mostly  larger 
than  10  nMi),  whereas  afterwards  the  visibility  did  not 
exceed  10  nMi  and  heay  fog  events  occurred.  The  change  in 
visibility  could  not  be  associated  with  a  change  in  wind 
direction,  i.e.  with  a  change  in  origin  of  air  masses.  The 
change  in  visibility  was  confirmed  by  independent 
measurements  of  the  visibility  at  MPN,  and  by  manual 
observations  at  Hr  .Ms.  Tydeman.  As  mentioned  previously, 
the  prevailing  wind  direction  was  east  during  the  whole 
campaign.  However,  the  event  changed  the  chemical 
composition  of  the  aerosol  drastically.  This  is  shown  in 
table  5,  where  we  compare  the  impactor  samples  collected 
before  (A+B)  and  after  (C+D+E)  the  change  in  visibility.  At 
this  time,  any  explanation  is  speculative.  It  is  possible  that 
in  haze  and  fog  the  deposition  rate  of  aerosol  of 
anthropogenic  sources  is  reduced,  because  the  particles  are 
trapped  in  the  fog  droplets  and  stay  aloft.  This  would  result 
in  the  observed  increase  in  concentration  after  28  Oct.  The 
reduction  of  aerosols  of  marine  origin  may  be  related  to  the 
wind  speed  and  wave  height.  Before  28  Oct,  the  wind  speed 
varied  between  5  and  20  m/s  and  the  wave  heights  were  in 
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the  range  50-150  cm.  Afterwards,  the  wind  speed  did  not 
exceed  10  m/s  and  the  wave  height  was  typically  40  cm. 


4.  CONCLUSION 

We  have  presented  an  analysis  of  the  aerosol  extinction,  as 
calculated  from  aerosol  size  distributions  measured  by 
Hr.Ms.  Tydeman  during  the  MAPTIP  campaign.  The  local 
aerosol  model  developed  previously  for  the  vicinity  of  the 
MPN  tower  was  found  to  yield  accurate  estimates  of  the 
aerosol  extinction  for  data  in  its  range  of  validity.  However, 
the  MPN  model  in  its  present  form  cannot  be  used  for  other 
geographical  regions,  nor  for  environmental  conditions  that 
are  outside  the  specified  range.  We  intend  to  use  the 
MAPTIP  data  set  for  extension  of  the  MPN  model  to  other 
environmental  conditions  (easterly  winds,  unstable 
stratification)  and  other  geographical  regions  (by  taking  into 
account  the  transport  of  aerosol). 

The  analysis  of  the  aerosol  extinction  could  not  be 
completed  without  taking  into  account  the  specific 
conditions  of  a  coastal  area,  such  as  limited  fetch  and 
contributions  of  aerosol  of  continental  origin.  The 
development  of  local  models  is  fruitful,  because  these 
models  can  yield  more  accurate  results  than  general  models, 
such  as  NAM.  This  supports  our  feeling  that  there  is  a  need 
for  models,  which  take  into  account  the  physics  of  aerosol 
production  and  transport  in  the  coastal  zone. 
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SUMMARY 

The  large  sized  aerosol  which  are  found  just  over  the 
sea  in  high  wind  conditions  affect  infrared  (IR) 
propagation  in  paths  that  pass  very  close  to  the 
surface.  These  aerosol  are  produced  by  various  air  and 
sea  interactions.  Various  processes  by  which  aerosol 
are  formed  and  injected  into  the  lowest  layers  of  the 
marine  atmosphere  have  been  identified.  One  of  these 
is  the  production  of  film  and  jet  drops  by  the  bursting 
of  air  bubbles  at  the  sea  surface,  a  process  which  is 
initiated  by  the  entrainment  of  air  into  the  upper  layers 
of  the  ocean  by  the  breaking  of  the  waves.  An 
additional  mechanism  is  the  formation  of  spume  drops 
produced  through  the  tearing  of  wave  crests  by  the 
wind.  Unlike  smaller  particles,  the  largest  of  these 
droplets  will  not  mix  throughout  the  marine  boundary 
layer  because  of  the  overriding  effects  of  gravity  on 
these  larger  particles.  This  should  result  in 
significantly  higher  numbers  of  large  aerosol  close  to 
the  water  surface  than  are  found  at  higher  altitudes. 
The  larger  particles  are  more  effective  at  scattering  IR 
radiation  from  a  beam  passing  close  to  the  tops  of  the 
wave  crests.  Therefore,  a  knowledge  of  the  aerosol 
properties  in  this  area  is  necessary  to  determine  the 
optical  /  IR  properties  of  the  path.  The  Marine 
Aerosol  Properties  and  Thermal  Imager  Performance 
(MAPTIP)  experiment  was  designed  to  determine  the 
profiles  of  the  full  size  range  of  aerosol  in  the  first  15 
meters  above  the  water  surface  under  differing  weather 
and  wave  conditions. 

Aerosol  data  taken  during  MAPTIP  by  NCCOSC 
RDT&E  Div  (NRaD)  at  the  Meetpost  Noordwijk 
(MPN)  tower  (52.2739°  N,  4.2961°  E)  were  used  to 
determine  the  profile  of  aerosol  during  this  period. 
The  aerosol  size  distributions  obtained  from  1/2  hour 
averages  were  all  converted  to  four  aerosol  extinction 
values  for  the  wavelengths  of  0.55,  1.06,  3.5  and  10.6 
microns.  The  data  obtained  were  shown  to  be  from 
four  different  scenarios.  First  of  all,  during  one  period 
of  very  high  relative  humidity  values,  fog  conditions 
were  encountered  which  gave  very  high  extinction 
values.  There  were  also  times  when  the  data  was 
apparently  contaminated  by  eddies  from  the  tower 
which  contained  the  exhaust  from  the  power 
generator.  However,  most  of  the  data  came  from  two 
other  regimes  which  could  be  easily  separated  in  the 


data  set.  The  times  when  the  wind  was  from  the 
north,  the  aerosol  were  more  truly  marine  in  nature. 
The  rest  of  the  time  there  was  a  strong  continental 
component  of  the  aerosol  coming  to  the  tower  from  the 
towns  and  factories  to  the  east.  This  paper  shows  the 
profile  of  extinction  from  12  meters  to  the  water’s 
surface  for  the  oceanic  type  of  aerosol  as  it  is  affected 
by  the  wind  and  other  factors.  Profiles  of  relative 
humidity  from  measurements  and  models  are  used  to 
determine  the  extent  to  which  extinction  profiles 
would  be  modified  by  the  growth  of  hygroscopic 
particles.  A  log  curve  is  fitted  to  the  open  ocean  data 
from  MAPTIP  to  describe  the  variation  in  extinction 
from  shipboard  levels  to  the  tips  of  the  surface  waves. 

1.  INTRODUCTION 

Atmospheric  aerosol  can  both  scatter  and  absorb 
electromagnetic  radiation.  Thus  they  have  a  potential 
adverse  effect  on  the  operation  of  optical  and  IR 
systems.  Aerosol  models  have  been  developed  to 
describe  the  size  distribution  and  chemical  properties 
that  clouds  of  aerosol  might  have  in  the  real 
atmosphere  under  certain  meteorological  conditions. 
Once  the  size  distribution  and  the  index  of  refraction 
of  the  aerosol  arc  known,  then  with  the  assumption 
that  the  aerosol  have  spherical  shapes,  Mie  theory  is 
invoked  to  provide  the  scattering,  extinction,  and  other 
electro  optical  properties  of  the  aerosol  cloud. 

The  need  for  a  model  to  accurately  describe  the 
atmosphere's  optical  and  IR  properties  in  terms  of  its 
meteorological  state  has  been  an  important  driving 
force  for  the  development  of  the  Navy  Aerosol  Model 
(NAM)  and  its  extension,  the  Navy  Oceanic  Vertical 
Aerosol  Model  (NOVAM).  Ideally,  this  model  should 
describe  the  optical  and/or  IR  properties  of  the 
atmosphere  by  only  using  easily  obtained 
meteorological  data  as  input.  Several  atmospheric 
"windows"  exist  in  which  the  molecular  absorption  of 
the  electromagnetic  energy  is  relatively  small  and 
through  which  IR  transmission  and  communication 
can  take  place.  In  these  windows,  the  natural 
atmospheric  aerosol  plays  an  important  part  in 
degrading  the  transmission  of  radiation  from  point  A 
to  point  B.  This  is  done  when  the  aerosol  both  scatters 
and  absorbs  electromagnetic  energy.  Of  particular 
interest  to  the  Navy  is  the  role  natural  marine  aerosols 
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play  within  the  marine  boundary  layer  (MBL)  in 
causing  extinction  at  visible  and  infrared  wavelengths. 

IR  extinction  over  the  oceans  is  known  to  be  a  function 
of  various  meteorological  parameters  such  as  absolute 
humidity  ,  relative  humidity  (RH),  and  wind  speed. 
The  optical  and  IR  properties  of  the  MBL  are  related 
by  NAM  to  the  meteorological  quantities  that  are 
measurable  from  a  shipboard  environment.  NAM  has 
certain  limitations,  however,  because  it  was  developed 
from  a  limited  data  base  containing  only 

measurements  made  at  or  near  the  shipboard  level.  It 
is  essentially  a  non-dimensional  model  that  contains 
no  real  vertical  structure. 

The  aerosol  size  distribution  may  be  represented  by 
any  number  of  different  functional  forms  based  on  the 
intuition  of  the  individual  investigator.  The  lognormal 
type  functions  have  been  used  by  this  author  because 
there  is  a  close  relationship  between  statistical 
quantities  and  these  functions.  The  NAM  and 
NOVAM  use  a  form  of  lognormal  which  differs 
somewhat  from  other  published  forms  of  the  function. 
The  NAM  [1]  was  developed  from  a  set  of  field  data 
taken  largely  from  deck  height  observations  from  ships 
and  other  special  type  of  measurement  platforms. 
While  this  model  seems  to  describe  the  physical 
characteristics  of  the  aerosol  at  the  shipboard  levels  for 
which  it  was  designed,  the  NOVAM  [2,3]  model  has 
been  developed  to  extend  the  useful  range  of  NAM  to 
above  the  marine  boundary  layer  so  that  changes  in  the 
aerosol  properties  could  be  determined  as  a  function  of 
altitude. 

There  is  evidence  [4]  that  the  extension  of  the  region 
of  validity  of  the  model  from  deck  height  to  the  sea 
surface  may  also  be  important  during  high  wind 
conditions  when  large  aerosol  are  produced  by 
mechanisms  such  as  spume  production  [5],  This 
region  is  very  important  to  naval  applications  since  a 
line-of-sight  path  between  two  separated  points  near 
the  sea  surface  may  graze  this  region.  This  is  a 
difficult  area  in  which  to  obtain  measurements  when 
wind  is  high  because  of  wave  action  and  other 
problems  associated  with  storms  at  sea.  It  is  the 
purpose  of  this  paper  to  test  the  aerosol  size 
distribution  data  obtained  from  MAPTIP  to  see  if 
variations  in  extinction  exist  between  deck  height 
observations  and  the  sea  surface. 

2.  THE  AEROSOL  PROFILE  EXPERIMENT 
One  of  the  main  objectives  of  the  MAPTIP  experiment 
was  to  make  profiles  of  aerosol  size  distributions  and 
appropriate  meteorological  observations  within  10  m 
of  the  ocean  surface  [6],  To  accomplish  this  goal,  a 
simple  wooden  instrument  box  was  constructed  which 
could  house  the  working  parts  of  several  instruments. 


The  devices  installed  in  the  box  were  a  Particle 
Measurement  Systems,  Inc.,  ASSP-100  aerosol 
spectrometer,  four  remotely  activated  rotorod  motors, 
and  a  Rotronic  Relative  Humidity  probe  (Model  MP- 
100  ).  The  aerosol  spectrometer  counts  and  sizes 
aerosol  from  0.5  to  30  (im  diameter.  The  air  flow 
through  the  instrument  was  maintained  by  a  fan 
which  ventilated  the  apparatus  with  a  wind  speed  of 
26.45  m/s.  The  data  from  the  rotorod  devices  have  not 
yet  been  completely  analyzed  at  the  time  of  this 
writing  but  will  be  reported  on  later. 

The  box  could  be  raised  and  lowered  by  means  of  a 
steel  cable  from  a  motorized  winch  installed  on  the 
tower.  The  box  was  lowered  until  the  tips  of  the 
highest  waves  just  missed  the  bottom  of  the  box.  Each 
profile  was  accomplished  by  setting  the  box  at  a 
particular  level  and  letting  the  ASSP  obtain  a  half 
hour  sample  of  aerosol  at  that  level.  The  length  of  the 
marked  cable  between  the  box  and  the  winch,  the 
height  of  the  winch  above  mean  water  level  and  the 
height  of  the  tide  was  used  to  determine  the  height  of 
the  box  above  the  mean  tide  level.  Because  the  box 
could  not  go  lower  than  the  tops  of  the  highest  waves, 
the  measurement  could  be  several  meters  in  height 
above  the  mean  tide  level  during  heavy  seas.  This  is  a 
limit  of  this  technique  and  precludes  getting  data  right 
at  the  surface  of  the  sea  in  areas  between  waves. 

In  addition  to  the  data  obtained  by  the  instruments  on 
the  aerosol  box,  other  meteorological  measurements 
were  taken  by  colleagues  of  MAPTIP  and  are  used  in 
part  for  the  analysis  in  this  paper.  A  considerable 
amount  of  supporting  meteorological  data  is  available 
from  MAPTIP.  These  data  came  from  radiosonde  and 
surface  reports  from  UK  and  Continental  cities,  from 
the  research  ship  Hr.Ms.  TYDEMAN,  from  the 
measurements  made  by  MAPTIP  colleagues  at  the 
beach  station,  from  French  and  American  MAPTIP 
buoys,  from  the  MPN  tower  and  from  other  North  Sea 
observatories.  From  these  data  ,  a  set  of  consensus 
meteorological  data  were  obtained  for  the  major 
weather  elements  and  used  in  this  analysis. 

2.1  The  Relative  Humidity  Profile 
Relative  humidity  variations  within  the  vertical  range 
of  the  aerosol  box  motion  will  have  an  effect  on  the 
aerosol  size  distributions  that  are  measured.  If  there 
are  real  variations  in  the  relative  humidity  in  the 
profile  range,  these  will  cause  individual  aerosol  to 
swell  or  shrink  and  cause  apparent  changes  in  the  size 
distribution  which  are  not  related  to  the  dry  size 
number  concentrations  in  the  atmosphere.  Therefore, 
the  profiles  of  relative  humidity  must  be  made  during 
the  profiles  so  that  these  hygroscopic  growth  effects 
will  not  interfere  with  the  conclusions  of  the 
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experiment.  Therefore,  a  series  of  relative  humidity 
measurements  made  at  different  levels  and  the  plotted 
results  from  a  relative  humidity  profile  model  were 
done  with  each  experimental  aerosol  profile.  These 
relative  humidity  profile  measurements  consist  of  data 
from  the  Rotronic  relative  humidity  device  located  on 
the  aerosol  box,  the  consensus  relative  humidity  at  10 
meters,  the  relative  humidity  from  the  French 
Meteorological  Buoy  close  to  the  sea  surface,  and  two 
relative  humidity  sensors  fixed  at  4  and  12  meters  on 
the  MPN  tower.  In  addition,  a  theoretical  plot  of  the 
relative  humidity  profile  using  the  Liu,  Katsaros  and 
Businger,  LKB,  model  [7]  was  superimposed  on  the 
plots  of  measured  data. 

The  relative  humidity  profile  measurement  data  (an 
example  of  which  is  shown  in  figure  1)  had  the  usual 
spread  of  data  values  associated  with  relative  humidity 
measurements.  The  error  bars  of  a  plus  or  minus  a 
few  percent  is  typical  and  is  not  too  much  of  a  problem 
so  long  as  the  relative  humidity  is  90%  or  less. 
However,  at  the  higher  relative  humidities,  there  is 
more  uncertainty  in  the  accuracy  of  the  measurement. 
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Figure  1:  A  typical  profile  of  relative  humidity  is  shown 
above  for  Julian  Day  299.  In  this  plot  are  shown  the  French 
Buoy  measurement,  the  consensus  relative  humidity 
measurement,  the  relative  humidity  values  at  4  and  12 
meters  from  the  TNO  instrumentation  on  MPN  and  the 
NRaD  measurements  from  the  ASSP  box  during  which  time 
the  measurements  were  made.  The  line  in  the  measurement 
is  relative  humidity  profile  model  based  on  the  LKB  model 
of  Liu  &  Blanc,  [7],  This  plot  shows  that  under  the 
conditions  of  MAPTIP,  there  are  essentially  constant  relative 
humidity  values  until  we  approach  very  close  to  the  surface. 
Here  there  must  be  a  large  gradient  in  relative  humidity 
since  we  know  that  the  value  must  be  98%  at  the  water’s 
surface. 


In  order  to  determine  the  overall  growth  of  the 
particles  with  respect  to  the  ambient  relative  humidity, 
the  simplified  formulation  of  Fitzgerald  [8]  shown  in 
equation  1  can  be  used  for  illustration. 
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In  this  equation  the  growth  of  the  hygroscopic  aerosol 
is  expressed  by  the  factor  “f  ’  which  is  the  ratio  of  the 
diameter  of  a  particle  at  the  current  relative  humidity 
(RH)  with  respect  to  the  diameter  of  that  same  particle 
if  it  were  exposed  to  a  ambient  RH  of  80%.  The  factor 
“f  ’  is  1  at  RH  =  80%  and  grows  when  RH  increases 
towards  100%.  A  plot  of  the  swelling  factor  “f  ’  shown 
as  a  function  of  relative  humidity  is  shown  in  figure  2. 


Hygroscopic  Growth  of  Marine  Aerosol 
after  Fitzgerald  [8] 


Figure  2:  The  swelling  factor  or  growth  factor  for  a  typical 
marine  aerosol  as  given  by  Fitzgerald  is  plotted  in  this 
figure.  Here  we  see  that  the  higher  the  relative  humidity, 
the  more  sensitive  is  the  size  of  a  typical  particle  to  changes 
in  the  relative  humidity. 

It  is  concluded,  with  one  possible  exception,  that 
within  the  height  ranges  used  during  MAPTIP,  the 
hygroscopic  growth  of  aerosols  due  to  changes  in  the 
relative  humidity  along  the  vertical  profile  is  not  a 
major  contributor  to  changes  in  aerosol  size 
distribution.  On  Julian  day  304,  October  31,  fog  was 
encountered.  During  the  profile  of  this  day  the 
consensus  relative  humidity  was  over  95%,  thus  the 
accuracy  of  the  relative  humidity  instruments 
decreases,  and  the  sensitivity  of  the  aerosol  growth 
factor  to  changes  in  relative  humidity  increases.  The 
coupling  of  these  two  factors  makes  it  difficult  to 
determine  if  and  how  much  change  in  the  size 
distribution  with  respect  to  height  is  due  only  to 
relative  humidity  growth  on  this  day. 
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2.2  Aerosol  Size  Distributions 
The  ASSP  device  provides  60  different  sized  aerosol 
counter  bins.  These  counts,  together  with  the  known 
width  and  mid  size  of  these  bins,  the  time  the  counters 
are  active,  the  size  of  the  active  region,  and  the  air 
flow  through  this  region  are  required  to  obtain  to  an 
aerosol  size  distribution.  The  60  channels  are  divided 
into  four  ranges  which  have  some  overlap  with  each 
other,  but  when  taken  together  cover  the  full  range  of 
0.5  to  30  micron  diameter.  All  of  the  data  obtained  in 
1/2  hour  of  recording  for  all  60  channels  were  used  in 
this  analysis.  The  data  was  fitted  to  a  6th  order 
polynomial  for  each  observation.  An  example  of  one 
of  these  polynomial  fits  is  seen  in  figure  3.  In  the  very 
largest  diameter  channels,  there  are  sometimes  no 
counts  found  even  over  the  half  hour  sample.  In  these 
cases  with  zero  counts,  the  data  was  eliminated  from 
the  fitting  process.  In  addition  to  the  parameters 
needed  to  describe  the  polynomial,  a  correlation 
coefficient  to  indicate  a  measure  of  the  scatter  in  the 
experimental  points  for  that  sample  and  the  size  of  the 
largest  sample  with  data  in  it  were  recorded. 
Obviously,  the  closer  the  correlation  coefficient  is  to  1 
the  more  self  consistency  there  is  in  the  experimental 
sample. 


Curve  fit  of  ASSP  raw  data  for  Mie  Integration 


Figure  3:  This  is  a  plot  of  the  fitting  of  the  ASSP  data  from 
experiment  4b  on  Julian  Day  291  to  a  6th  order  polynomial. 
The  center  curve  is  the  fit  while  the  outside  two  curves 
represent  envelopes  of  two  sizes  into  which  the  data  will  fit. 
The  data  here  are  plotted  on  a  log-log  plot  and  the 
polynomial  represents  the  log-log  equivalent  of  the  size 
distribution  dN/dr  for  the  observation.  Note  that  the 
approximation  is  only  good  for  the  region  between  the 
smallest  measured  size  of  aerosol  and  the  largest  measured 
size  of  aerosol.  The  portion  of  the  polynomial  between  these 
two  end  points  is  used  as  the  dN/dr  value  for  the  Mie 
integration. 

Several  initial  comparisons  have  been  made  of  the 
aerosol  size  distributions  measured  with  the  various 
aerosol  spectrometers  mounted  on  MPN.  The  NRaD 


instrument  was  compared  with  the  UMIST  and  TNO 
fixed  point  aerosol  spectrometers,  when  all 
instruments  were  located  at  approximately  the  same 
height  but  at  different  locations  about  the  tower.  A 
non-regular  inconsistency  was  observed  where  at  times 
all  three  of  the  size  distributions  matched  each  other  to 
a  reasonable  degree,  other  times  only  2  of  the  3 
matched,  while  at  other  times,  there  was  a  significant 
disagreement  among  all  of  the  instruments.  The  actual 
cause  of  this  inconsistency  is  not  really  known  at  this 
time,  but  it  was  obvious  that  a  few  of  the  NRaD  ASSP 
spectra  were  very  noisy  and  inconsistent.  These  cases 
can  be  distinguished  by  relatively  low  values  of  the 
correlation  coefficient  between  the  points  and  the 
polynomial  fitted  to  the  data.  In  an  effort  to  eliminate 
instrumental  differences,  the  profiles  discussed  in  this 
paper  were  made  with  the  same  instrument  mounted  at 
different  heights.  Because  at  some  times  a  single 
ASSP  channel  might  seem  to  be  particularly  noisy,  it 
is  felt  that  the  best  way  to  represent  the  overall 
characteristics  of  the  aerosol  spectra  as  it  affects  the 
transmission  of  optical  and  IR  signals  is  to  use  the 
fitting  program  which  combines  all  60  channels  into  a 
more  manageable  number  of  parameters  which 
represent  the  main  size  distribution.  In  the  end, 
however,  what  is  important  is  the  effect  of  the  total 
aerosol  spectrum  on  the  extinction  to  optical  and  IR 
radiation.  To  this  end,  the  aerosol  size  distribution 
represented  by  the  6th  order  polynomial  was  again 
integrated  into  four  numbers  using  Mie  Theory  which 
represent  extinction  of  the  aerosol  to  radiation  at  four 
wavelengths  which  represent  the  practical  windows  in 
the  atmosphere. 

2.3  Extinction  Data 

The  extinction  coefficients  for  the  wavelengths  of 
0.55,  1.06,  3.5  and  10.6  micron  were  calculated  from 
the  6th  order  polynomial  which  represented  the  dN/dr 
of  the  aerosol  size  distribution.  The  polynomial  was 
integrated  between  the  limits  of  the  smallest  and 
largest  radii  which  had  non-zero  dN/dr.  In  this 
calculation,  the  Mie  coefficient  was  obtained  from  [9], 
and  a  population  of  droplets  with  sea  salt  type  of  index 
of  refraction  was  assumed  for  the  integration. 
Extinctions  for  all  four  wavelengths  were  obtained  for 
all  NRaD  observations  taken  during  MAPTIP.  In  an 
effort  to  investigate  the  disagreement  among 
instruments  located  on  the  tower,  a  box-and-whisker 
plot  of  all  of  the  NRaD  data  was  made  for  the  four 
extinction  values  at  the  four  wavelengths.  This  plot, 
shown  in  figure  4,  is  used  to  look  for  anomalies  in  the 
data.  The  line  in  the  middle  of  the  box  represents  the 
median  or  50th  percentile  of  the  data.  The  box 
extends  from  the  25th  percentile  to  the  75th  percentile, 
the  so-called  interquartile  range.  The  lines  emerging 
from  the  box  are  called  the  whiskers  and  they  extend 
to  the  upper  and  lower  adjacent  values.  The  adjacent 
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values  are  formally  defined  as  three-halves  the 
interquartile  range  rolled  back  to  where  there  is  data. 
Observed  points  more  extreme  than  the  adjacent 
values  are  referred  to  as  outside  values  and  are 
individually  plotted.  It  is  interesting  to  note  that 
eliminating  the  observations  which  give  the  outside 
points  to  the  0.55  micron  plot  also  eliminates  the 
outside  points  of  all  of  the  others.  There  is  a  strong 
correlation  between  wavelengths  for  values  in  each  of 
the  outside  points  indicating  that  they  probably  belong 
to  a  set  of  observations  in  which  either  there  is 
contamination  of  the  samples  from  the  generators  on 
the  tower,  or  perhaps  these  are  indications  of  fog 
formation  processes  taking  place  where  all  of  the 
aerosol  grow  to  large  sizes. 
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Figure  4:  Box  and  Whisker  plots  of  all  NRaD’s  MPN 
extinction  measurements  shown  for  the  four  wavelengths  of 
interest. 

Some  of  these  points  do  occur  during  a  fog  event 
which  occurred  on  the  tower  on  Julian  day  304. 
Indeed  when  we  exclude  these  data,  most  but  not  all  of 
these  outside  points  disappear.  In  the  analysis  which 
is  to  follow,  I  will  eliminate  these  observations  and 
concentrate  on  the  more  natural  processes  taking 
place.  I  will  now  refer  to  the  data  remaining  after  we 
eliminate  these  abnormally  high  extinction  points  as 
“selected  data”. 

Using  the  selected  data  set,  we  now  show  a  histogram 
of  the  extinction  values.  In  figure  5  we  see  a  plot  for 
the  visible  wavelength  (0.55  microns).  Here  there  is  a 
clear  indication  of  a  double  hump  indicating  two 
classes  of  extinction  data.  If  we  look  at  the  times  that 
the  first  hump  data  were  taken  we  see  that  this  group 
contains  all  of  the  selected  data  in  the  time  range  of 
Julian  Day  291  through  297.  This  group  contains  no 
data  taken  later  than  day  297.  Just  the  opposite  is  true 


for  the  data  in  the  second  hump  which  contains  no 
selected  data  taken  during  the  first  period  but  only  in 
the  second  period.  Clearly,  during  the  first  period,  the 
prevailing  wind  was  coming  from  a  northerly  direction 
and  was  essentially  uncontaminated  by  the  various 
coastal  sources.  On  the  other  hand,  during  the  second 
part  of  the  experiment  the  air  mass  trajectory  swung 
around  and  came  mainly  from  the  European 
Continent.  These  data  are  those  represented  in  the 
second  hump. 


Figure  5:  This  is  a  histogram  of  the  0.55  micron  data 
after  all  of  the  outside  points  shown  in  figure  4  have 
been  eliminated.  This  graph  shows  a  curious  double 
hump  which  can  be  explained  by  when  the  data  were 
taken.  It  is  related  to  the  direction  from  which  our 
sample  was  coming.  There  are  two  species  of  aerosol 
here  and  they  have  different  physical  characteristics. 

If  we  look  at  some  of  the  properties  of  the  aerosol  in 
these  two  groups,  we  will  see  that  there  is  indeed  quite 
a  difference  in  them.  In  particular,  if  we  look  at  the 
correlation  values  for  each  of  the  extinction 
wavelengths  with  respect  to  a  parameter  like  wind 
speed,  we  see  that  there  is  a  very  marked  difference  in 
these  populations.  Table  I  shows  the  correlation 
coefficients  between  the  extinction  at  the  four 
wavelengths  and  the  wind  speed  at  their  time  of 
measurement.  A  very  significant  positive  correlation 
exists  for  all  of  the  extinctions  of  part  I  whereas  in  part 
II  of  the  experiment,  there  is  a  negative  correlation 
coefficient,  indicating  that  the  aerosol  was  not  being 
generated  by  wind  ruffled  waves  but  rather  the  aerosol 
were  being  mixed  throughout  a  deeper  mixing  layer 
for  these  times  of  high  wind. 
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Table  I 

Correlation  coefficients  between  extinction  values  and  wind  speed  for  all 
selected  data  with  relative  humidity  <  94% 


wavelength 

>.=0.55  |i 

>.=1.06  p 

>.=3.5  p 

>.=10.6  p 

#  of  obs. 

part  I  of  exp. 

0.8266 

0.8277 

0.7710 

0.7151 

47 

part  II  of  exp. 

-0.2957 

-0.4391 

-0.4780 

-0.3007 

188 

This  mixing  process  is  illustrated  in  figure  6  where  the 
consensus  wind  speed  for  the  MAPTIP  experiment  is 
plotted  along  with  the  inversion  height  at  the  MPN 
tower  as  measured  by  the  temperature  profiles  made 
with  the  NRaD  aircraft.  The  figure  shows  a  strong 
correlation  between  the  wind  speed  and  the  inversion 
height.  The  interpretation  here  is  that  with  the 
stronger  wind  speed  there  was  more  volume  in  the 
MBL  and  the  continental  sources  of  aerosol  were  more 
diluted. 


MAPTIP  experiment 

windspeed  and  inversion  height 


Julian  Day 


—  conc-ws  •  inv  ht 


Figure  6:  A  time  series  of  the  measured  inversion 
height  above  the  MPN  tower  as  obtained  from  the 
NRaD  aircraft  soundings  and  the  consensus  wind 
speed  measurements  for  MAPTIP.  The  time  is  plotted 
as  Julian  Day,  where  day  290  is  17  Oct.  1993. 

There  were  some  high  wind  times  in  the  later  period, 
where  the  wind  was  coming  from  the  shore.  But  in 
order  to  look  at  what  is  really  happening  with  respect 
to  the  possible  production  of  aerosol  at  the  sea  surface 
and  how  this  will  effect  the  aerosol  profiles,  it  is 
apparent  that  the  data  from  the  last  part  of  the 
experiment  must  be  eliminated  from  the  data  set.  This 
is  necessary  because  even  though  the  processes  may 
have  existed  during  this  time,  they  were  completely 
masked  by  the  continental  aerosol  in  the  area.  This 
cuts  down  the  available  data  we  had  from  MAPTIP, 
but  there  is  sufficient  data  in  the  few  profiles  we 
collected  to  make  some  general  comments  on  the 
behavior  of  the  aerosol  profile. 


2.4  Extinction  Profiles 

In  the  following  series  of  plots,  the  extinction  profiles 
are  shown  for  all  four  wavelengths.  In  order  to 
accomplish  this  on  the  same  graph,  ratios  of 
extinctions  are  plotted  with  respect  to  the  height  of  the 
instrumented  box  above  the  tide  levels.  These  ratios 
are  defined  as  the  ratio  of  the  extinction  at  a  height  z 
with  respect  to  the  extinction  at  the  lowest  level  made 
during  the  profile.  Thus  all  of  the  profiles  will  start  at 
a  value  of  1  and  either  increase  or  decrease  with 
altitude.  A  decrease  in  the  ratio  indicates  that  there 
are  more  aerosol  at  the  lower  levels  than  there  are  at 
the  higher  levels.  Also  shown  in  the  plot  is  a  rectangle 
which  represents  the  measured  height  of  the  waves 
during  the  profile  measurement.  On  figure  8,  note 
that  a  very  low  wind  speed  was  measured  and  the 
apparatus  was  able  to  be  dropped  quite  close  to  the 
surface.  In  contrast,  the  sea  state  in  figure  12  was  quite 
high  and  because  the  box  had  to  be  above  the  highest 
wave  that  might  come  along,  the  measurements  were 
made  quite  high  during  those  periods. 

In  the  series  of  figures  which  follow  (figures  7  through 
14)  are  shown  the  extinction  ratio  plots  for  the  four 
wavelengths  of  interest  for  the  profiles  in  which  we 
know  that  the  contamination  by  shore  based  aerosol  is 
at  a  minimum. 


Figure  7:  Extinction  Profiles  for  18  Oct.  1993. 
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Figure  8:  Extinction  Profiles  for  1 9  Oct.  1993. 
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Figure  11:  Extinction  profiles  for  22  Oct.  1993. 
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Figure  9:  Extinction  profiles  for  first  experiment  of  20  Oct. 
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Figure  12:  Extinction  profiles  for  23  Oct.  1993. 
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Figure  10:  Extinction  profiles  for  the  second  experiment  of 
20  Oct.  1993. 
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Figure  13:  Extinction  profiles  for  the  first  experiment  of  24 
Oct.  1993. 
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Figure  14:  Extinction  profiles  for  the  second  experiment  of 
24  Oct.  1993. 


In  the  plots  shown  above,  there  is  of  course,  a  certain 
characteristic  of  the  shapes  when  compared  with  the 
consensus  wind  speeds  that  are  listed  for  each  plot.  As 
one  would  expect,  the  lowest  wind  speed  case,  shown 
in  figure  8,  has  almost  no  gradients  that  were 
observed.  It  appears  that  as  the  wind  speed  increases, 
the  general  profile  picture  shows  a  sort  of  log  decrease 
with  altitude  until  the  times  when  the  high  wind 
speeds  were  encountered,  i.e.  days  296  and  297.  On 
these  days,  the  profiles  again  seem  to  be  almost 
vertical  in  extent  which  might  indicate  that  the  scale 
height  of  the  distribution  increases  with  increasing 
wind  speed.  Indeed,  in  looking  at  the  1 1  m/s  data  on 
day  297,  both  profiles  show  that  there  is  a  decrease  at 
altitudes  over  10  meters  but  that  the  aerosol  below  10 
meters  appears  to  be  well  mixed.  The  highest  wind 
speed  experiment  shown  in  figure  12  does  not  indicate 
any  drop  off  at  higher  altitudes  but  this  could  still 
happen  if  the  scale  height  had  risen  above  that  which 
we  could  measure. 

There  really  isn’t  enough  data  available  to  make  a 
solid  statement  as  to  the  behavior  of  the  aerosol  profile 
curve.  However,  certain  features  of  the  profile  of  the 
size  distribution  can  be  made  by  looking  at  some  first 
order  approximations. 

2.5  Linear  Approximation  to  the  Profile 

The  first  approximation  that  can  be  made  is  a  linear 

regression  of  the  profile  data.  We  can  use  the 

extinction  ratio  and  height  data  and  fit  it  with  a 

straight  line.  In  this  approach  the  data  is  fitted  to  the 

form 

Ratio  =  offset  +  slope  height  (2) 

where  we  wish  to  see  if  the  slope  of  this  fitted  line  is 
related  to  the  wind  speed  parameter.  This  relationship 


is  plotted  in  figure  15.  The  data  shows  a  general 
decrease  in  the  slope  with  increased  wind  speed  but  a 
reversal  at  the  highest  wind  speed  value  of  12  m/s. 
There  is  too  little  data  here  to  uncover  a  statistically 
significant  relationship.  Indeed,  one  could  also  say 
that  there  was  no  apparent  wind  speed  relationship 
with  the  slope  parameter. 


Profile  variations  with  wind  speed 
(Linear  approximations  during  MAPTIP) 


Figure  15:  The  measured  relationship  between  the  linear 
slope  of  the  profile  data  and  the  consensus  wind  speed  . 


2.6  The  Logarithm  Fit  to  the  Profile  Data. 

A  second  process  that  can  be  used  is  to  fit  a 
logarithmic  profile  to  the  data  points  and  then 
investigate  the  behavior  of  the  fitting  parameters  with 
respect  to  wind  speed  variations.  This  seems  to  be  a 
more  reasonable  approach  since  most  of  the  profiles 
have  a  logarithmic  type  shape.  In  this  case,  the  ratio  is 
represented  by  a  formula  of  the  form 

Ratio  =  a  +  h ■  \n(h  eight)  (3) 


MAPTIP  Profile  Parameters 

Parameter  "a" 


Figure  16:  The  dependence  of  the  parameter  “a”  with 
wavelength. 


Again,  the  profile  data  were  fit  to  this  equation  form 
with  the  parameters  “a”  and  “b”  being  functions  of 
measurable  weather  elements.  No  relationship  could 
be  determined  for  these  parameters  with  wind  speed. 
However  the  parameter  “a”  did  have  a  wavelength 
sensitivity  as  seen  in  figure  16. 

The  parameter  “b”  showed  no  strong  correlations  with 
either  wind  speed  or  wavelength,  ft  had  both  negative 
and  positive  values  indicating  the  surface  values  were 
higher  or  lower  than  the  ratios  at  higher  heights.  The 
mean  values  of  “a”  and  “b”  are  shown  in  table  II. 


Table  H 

Profile  parameters  for  fitted  ratio  profile  of  the  form: 
ratio=a+b*ln(z) 


After  this  analysis  it  is  possible  to  reconstruct  an 
average  profile  for  the  four  wavelengths  used.  The 
curve  for  3.5  microns  will  fit  for  an  overall  average 
curve,  but  slight  differences  in  the  “a”  parameter  with 
respect  to  wavelength  allow  us  to  plot  the  different 
curves  on  a  graph  as  shown  in  figure  17. 


3.  DISCUSSION 

The  Aerosol  profile  measurements  taken  during 
MAPTIP  provide  a  glimpse  of  the  mechanisms 
affecting  the  distribution  of  aerosol  in  the  vicinity  of 
the  MPN  tower.  A  series  of  only  8  “good”  aerosol 
profiles  were  obtained  where  data  were  not 
contaminated  with  continental  aerosol.  During  this 
part  of  the  experiment,  a  variety  of  winds  speeds  from 
a  high  of  12  meters  per  second  to  a  low  of  1.7  meters 
per  second  were  measured.  Although  this  doesn’t 
provide  the  very  high  wind  speed  data  necessary  to 
fully  characterize  the  spume  drop  distribution  from  a 
thoroughly  aroused  sea,  it  does  give  a  picture  of  the 
conditions  leading  up  to  the  final  high  wind  picture. 

The  major  question  that  must  be  asked  is:  Is  there 
enough  data  to  make  a  determination  as  to  the 
structure  of  the  aerosol/extinction  profile  ?  The 
answer,  of  course,  is  no.  There  are  only  3  days  of 
profiles  in  which  the  average  wind  speed  during  the 
profiles  exceeded  10  m/s.  While  there  is  real  evidence 
that  there  is  increased  production  of  large  sized 
aerosol  at  the  sea  surface  during  high  wind  conditions, 


the  data  from  the  MAPTIP  experiment  is  insufficient 
to  base  the  final  parameter  formulation  of  the  very 
large  aerosol  in  the  models.  The  data  does  allow  us, 
however,  to  make  an  overall  determination  in  the 
variation  of  extinction  values  with  respect  to  height  for 
the  various  wavelengths  based  on  the  average  set  of 
log  parameters  obtained  from  the  measurements. 


Figure  17:  This  is  a  plot  of  the  log  form  of  the  aerosol 
profile  obtained  from  the  selected  set  of  MAPTIP  data. 
There  is  no  strong  wind  speed  dependence  in  tills  limited 
data  set  but  there  is  a  wavelength  dependence  showing  that 
the  extinction  due  to  the  largest  aerosol  do  not  mix  through¬ 
out  the  boundary  layer  as  well  as  do  the  smaller  aerosol. 


There  was,  unfortunately,  a  considerable  amount  of 
continental  aerosol  brought  to  the  tower  from  the 
various  land  sources  in  the  area  during  the  later  part  of 
the  MAPTIP  experiment.  When  large  amounts  of 
these  aerosol,  produced  at  land  sources,  are  brought  to 
the  tower,  the  details  of  the  mechanisms  from  the 
smaller  sources  of  wind  wave  production  of  sea  salt 
aerosol  are  overwhelmed.  This  resulted  in  a  more 
limited  set  of  data  with  which  to  work. 


4.  CONCLUSIONS 

The  aerosol  profile  experiment  of  MAPTIP  was  able  to 
determine  real  non-constant  profiles  of  aerosol  in  the 
marine  boundary  layer  close  to  the  sea  surface  during  a 
limited  number  of  near  marine  air  mass  conditions. 
For  the  most  part,  these  experiments  indicate  that 
extinction  at  all  of  the  wavelengths  were  essentially 
constant  with  respect  to  altitude  for  the  very  calm 
situation  but  that  as  the  wind  speed  increased,  the 
values  of  extinction  at  the  surface  were  shown  to  be 
larger  than  the  extinction  measured  at  higher  levels 
above  the  mean  tide  height.  Many  of  the  profiles 
exhibited  a  logarithmic  profile  and  when  all  of  the 
marine  air  mass  data  were  fitted  to  a  logarithmic 
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equation,  an  average  set  of  profile  parameters  was 
obtained. 

The  use  of  the  “a”  and  “b”  profile  parameters  can  be 
used  to  determine  the  extinction  ratio  between  the 
measured  extinction  and  the  extinction  at  the  average 
lowest  level  of  2  meters. 
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DISCUSSION 


S.D.  BURK 

Several  papers  in  this  conference  suggest  a  need  for  improving  aerosol  models  in  the  surface 
layer  (e.g.,  models  such  as  NAM).  You  show  a  significant  correlation  between  extinction,  wind 
speed,  and  boundary  layer  depth.  The  implication  is  that  aerosol,  being  mixed  throughout  the 
full  depth  of  the  marine  boundary  layer  Zi5  is  affecting  the  value  in  the  surface  layer.  Thus,  do 
you  think  it  is  feasible  to  develop  a  surface  layer  aerosol  model  that  doesn’t  account  for  the 
physics/dynamics  throughout  the  full  depth  of  the  boundary  layer,  i.e.,  do  we  need  to  include 
prediction  of  Zs?  In  surface  layer  similarity  theory  for  parameters  such  as  temperature  and 
moisture,  account  must  be  taken  for  boundary  layer  depth  (Zj)  as  so-called  free  convection 
conditions  are  approached  because  large  eddies  that  extend  through  the  depth  of  the  boundary 
layer  have  a  substantial  impact  on  the  surface  layer.  This  type  of  Z-t  -  dependence  may  impact 
the  aerosol  in  the  surface  layer  a  great  deal  of  the  time,  not  just  under  free-convective 
conditions.  This  would  make  it  very  difficult  to  develop  a  surface-layer  aerosol  model  that 
doesn’t  deal  with  the  full  dynamics  of  the  entire  boundary  layer. 

AUTHOR’S  REPLY 

Your  comments  are  certainly  right,  in  that  the  more  information  we  know  about  a  particular 
situation,  the  better  off  we  are  in  trying  to  describe  it.  In  the  MAPTIP  data  shown  for  "the  open 
ocean"  conditions,  the  generator  process  was  dominant.  When  the  aerosol  is  advected  to  the 
site,  as  in  the  coastal  aerosol  condition,  the  concentration  more  clearly  depends  on  the  Zr  The 
more  advanced  NOV  AM  model  takes  Zj  into  account  in  its  predictions. 

K.  DAVIDSON 

How  did  the  length  of  time  required  to  obtain  an  aerosol  profile  affect  your  results? 

AUTHOR’S  REPLY 

The  profile  time  is  somewhat  of  a  compromise  in  that  V2  hour  of  sampling  is  needed  to  get  a 
solid  size  distribution  resulting  in  a  total  profile  time  of  more  than  two  hours.  Conditions  could 
possibly  change  during  this  time  period,  however  the  two  plots  for  Julian  day  293  are  not  too 
different.  The  same  can  be  said  for  the  double  profile  on  Julian  day  297. 

D.  DION 

In  the  measured  extinction  profile  graphics  shown  during  the  presentation,  what  can  be 
concluded  from  the  noted  differences  between  profiles  as  a  function  of  the  wavelength? 

AUTHOR’S  REPLY 

The  wavelength  dependence  of  the  profiles  is  not  as  apparent  as  I  would  have  expected.  I  don’t 
know  if  this  is  because  there  is  no  dependence  or  if  we  don’t  have  enough  data  for  it  to  be 
statistically  significant. 
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SUMMARY 

In  coastal  areas,  the  simplifying  assumptions  of 
horizontal  homogeneity  used  in  open  ocean  analysis 
are  not  always  useable.  Various  human-generated 
aerosol  sources  such  as  towns  and  industrial  centers 
can  provide  a  complex  portrait  of  merging  plumes  of 
non-natural  aerosols  which  are  advected  out  to  the 
littoral  zones.  The  extensive  meteorological  and 
aerosol  measurements  made  during  the  Marine 
Aerosol  Properties  and  Thermal  Imager  Performance 
(MAPTIP)  experiment  [1]  provided  an  ideal 
opportunity  to  view  how  these  aerosol  were  advected 
from  their  sources  to  the  littoral  zone  of  the  North  Sea. 
MAPTIP  was  conducted  along  the  Dutch  coast  in 
October/November  1993.  The  NCCOSC,  RDT&E  DIV 
(NRaD)  instrumented  Navajo  aircraft  flew  two  star 
pattern  flights  a  day  during  the  experiment  at  altitudes 
below  500  feet.  During  these  flights,  aerosol  size 
distribution  measurements  along  the  flight  path  were 
being  continuously  recorded.  These  measurements 
were  utilized  for  making  aerosol  concentration  maps 
of  the  various  sized  aerosol  groups.  This  paper  shows 
the  mesoscale  effects  of  aerosol  advection  making  the 
marine  boundary  layer  in  a  littoral  zone  much  more 
complicated  than  that  of  an  open  ocean. 


2.  COASTAL  AND  OCEANIC  AEROSOL 
The  MAPTIP  experiment  offered  an  excellent  set  of 
measurements  in  which  to  investigate  the  differences 
between  the  coastal  and  the  open  ocean  aerosol 
regimes.  Gathman  [5]  has  shown  that  during  the 
experiment  times  of  18  October  and  3  November 
1993,  both  types  of  aerosol  situations  were  experienced 
at  the  Meetpost  Noordwijk  (MPN),  and  occurred 
during  different  sub-periods  of  the  experiment  times. 

The  NAM/NOVAM  set  of  models  were  developed  for 
open  ocean  environments  from  open  ocean  data. 
Extension  of  these  models  to  coastal  regimes  with  very 
high  air  mass  parameters  has  shown  from  time  to  time 
to  cause  excessive  error  in  the  models  extinction 
predictions  [6], 

The  NAM  model  is  a  three/four  component  log 
normal  representation  of  the  aerosol  size  distribution. 
It  represents  the  dN/dr  of  the  aerosol  distribution  by 
the  expression  in  equation  1. 
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1.  INTRODUCTION 

The  Naval  Aerosol  Model,  (NAM)  [2]  and  the  Naval 
Oceanic  Vertical  Aerosol  Model,  (NOVAM)  [3,4] 
(which  uses  NAM  as  its  kernel)  have  not  been  shown 
to  represent  the  coastal  areas  as  accurately  as  marine 
or  open  ocean  applications.  This  is  because  the  data 
on  which  NAM  was  based  came  largely  from  the  open 
ocean  area. 

It  is  known  that  in  a  coastal  area  where  aerosol  from 
industrial  sources  are  advected  out  to  a  specific 
location,  these  aerosol  may  well  overwhelm  the 
numbers  of  the  oceanic  aerosol  which  are  represented 
in  the  models.  For  this  reason  a  coastal  aerosol  model 
needs  to  be  developed.  MAPTIP  produced  a  good 
data  base  for  this  analysis  since  the  operational  period 
was  divided  into  two  distinct  parts:  an  open  ocean  type 
of  air  mass  and  a  continental  air  mass  situation  in 
which  the  air  had  been  advected  from  over  Europe. 


where  the  “f|”  parameters  arc  the  Gerber  [7]  growth 
factors  which  are  functions  of  the  ambient  relative 
humidity,  and  the  “k”  parameters  are  normally  unity 
but  can  be  used  for  calibration  and  correction 
purposes.  The  mode  radii  parameters  rQi  are:  .03,  0.24 
and  2.0  pm.  Amplitudes  A;  are  determined  by  various 
meteorological  parameters.  Of  particular  interest  is 
the  parameterization  of  the  Ao  and  A]  terms  which  are 
related  to  the  air  mass  parameter.  The  original  models 
were  developed  for  the  open  ocean  regime  where  the 
air  mass  parameters  were  of  the  order  of  2  to  3. 
Provision  was  made  for  the  model  to  represent  the 
aerosol  in  a  more  continental  air  mass  by  allowing  the 
air  mass  parameter  to  increase  to  larger  values.  This 
process  works  fairly  well  where  the  air  mass  is  not 
totally  “continental”  in  nature.  In  a  truely  continental 
region,  the  model  is  very  sensitive  to  the  air  mass 
parameter  as  is  shown  in  table  I. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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Table  I 

Sensitivity  of  NAM  extinction  predictions  to  10% 
errors  in  the  airmass  parameter  (a.m.p)  for  two  wind 
speeds  and  two  wave  lengths. 


%  error:  0.55  ext. 

%error:  10.6  ext.  jj 

a.m.p. 

ws=5 

ws=10 

ws=5 

ws=10 

2 

7 

3 

1 

0 

8 

17 

12 

6 

3 

16 

19 

18 

13 

9 

32 

33 

20 

20 

17 

Here  several  cases  were  calculated  using  NAM  in 
which  a  10  percent  error  in  the  determination  of  the 
air  mass  parameter  was  assumed.  The  table  shows 
the  percentage  error  in  the  visible  and  far  infrared  (IR) 
aerosol  extinctions  from  a  10%  uncertainty  in  the  air 
mass  parameter.  In  the  open  ocean  conditions,  when 
the  a.m.p.  term  is  small,  the  IR  determination  of 
aerosol  extinction  is  not  really  affected  by  the  errors  in 
the  a.m.p.  Even  errors  in  the  visible  wavelengths  are 
of  the  same  order  of  magnitude  as  the  errors  in  the 
a.m.p.  for  low  wind  regimes.  However,  when  we 
approach  the  situations  which  occur  near  the  coast 
areas,  the  aerosol  extinction  errors  increase 
considerably  for  the  assumed  10%  error  in  the 
determination  of  the  a.m.p.  It  is  for  this  and  other 
reasons  a  coastal  aerosol  model  needs  to  be  developed 
which  will  specifically  address  the  description  of 
coastal  aerosols. 

Determination  of  the  coastal  and  open  ocean  regimes 
during  MAPTIP  was  determined  following  the 
technique  of  Gathman  [5],  The  extinction  data  shown 
in  figures  1  and  2  were  obtained  using  the  measured 
aerosol  size  distribution  from  a  Particle  Measurement 
Systems  (PMS)  ASSP-100  device  located  on  the  MPN. 
The  histogram  for  the  visible  wavelength  extinction 
showed  two  distinct  modes  with  the  means  separated 
by  an  order  of  magnitude  (figure  1). 

A  time  series  of  this  set  of  data  (figure  2)  shows 
clearly  how  the  extinction  values  at  0.55  (im  transition 
rapidly  from  the  low  “open  ocean”  values  during  the 
first  part  of  MAPTIP  to  an  order  of  magnitude  higher 
during  the  second  period,  when  air  was  continental  in 
origin. 

It  is  informative  to  see  if  other  measurements  of  visual 
extinction  show  the  same  sort  of  two  mode  behavior. 
The  data  shown  in  figures  3  and  4  were  obtained  from 
the  Canadian  participants  in  MAPTIP  [1],  the  Defense 
Research  Establishment  Valcartier  (DREV).  They 
operated  an  HSS  Model  VF-500-110  Visibility  Sensor 
located  near  the  NRaD  ASSP  aerosol  spectrometer 
during  the  experiment.  The  data  in  these  two  figures 
are  expressed  in  terms  of  extinction  for  easy 


comparison  with  the  extinction  calculation  obtained 
from  the  aerosol  measurements.  Figure  3  is  a 
histogram  of  the  extinction  data  showing  the  same  two 
modes  as  does  the  NRaD  data.  Although  the  figure 
here  shows  relatively  more  data  in  the  “open”  ocean 
regime  than  in  the  “coastal”  regime,  this  can  be 
explained  by  the  amount  of  times  the  two  different 
instruments  were  in  operation.  The  ASSP  device  was 
used  sparingly  during  the  first  half  of  MAPTIP 
because  of  a  need  to  time-share  power  with  other 
investigators.  During  the  last  half  of  the  MAPTIP, 
however,  the  instrument  was  allowed  to  operate  in  a 
more  or  less  continuous  mode.  The  means  of  the  two 
groups  are  very  close,  however. 


Figure  1:  Reproduction  of  the  histogram  plot  obtained  by 
Gathman  [5]  from  the  0.55  micron  extinction  calculations 
made  from  the  ASSP  data  on  the  MPN  tower  by  NRaD. 
This  plot  shows  two  distinct  groups  of  aerosols  which  differ 
by  at  least  an  order  of  magnitude  from  each  other. 


Aerosol  Extinction  at  0.55  microns 

MAPTIP  Data  from  MPN 


Julian  Days 


Figure  2:  Time  series  of  the  calculated  0.55  micron 
extinction  made  from  the  1/2  hour  averages  of  the  aerosol 
size  distribution  made  by  the  PMS  ASSP  aerosol 
spectrometer  on  the  MPN  tower  during  MAPTIP  1 993. 
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HSS  Extinction  for  MAPTIP  -  DREV  data 


Figure  3:  There  are  two  distinct  groups  in  the  HSS  data  as 
well  as  in  the  ASSP  extinction  data. 


Figure  4:  A  time  series  plot  of  the  0.55  micron  extinction 
as  measured  by  DREVs  HSS  visiometer  during  MAPTIP 
1993. 

Figure  4  shows  a  time  series  of  the  Canadian  HSS  data 
taken  during  MAPTIP.  It  show  the  same  general 
shape  as  did  the  NRaD  data  except  there  is  a 
discrepancy  between  the  two  data  sets  as  to  when  the 
actual  transition  between  “open”  ocean  to  “coastal” 
regime  took  place.  There  is  a  time  difference  of  about 
1  day  for  this  transition.  In  order  to  be  on  the  safe 
side,  we  will  we  will  define  the  earliest  time  for  the 
end  of  the  “open”  ocean  regime  and  the  latest  time  for 
the  start  of  the  “continental”  regime. 


originally  suggested  by  Larson  and  Bressan  [8],  The 
reasoning  is  that  radon  222  is  only  produced  over  land 
areas  and  has  a  half  life  of  several  days.  Thus  if  the 
air  is  relatively  free  from  this  trace  gas,  then  we  know 
that  the  air  mass  has  been  at  sea  for  several  days.  It 
can  then  be  assumed  that  the  various  processes  in 
operation  to  “clean”  the  air  from  its  original 
“continental”  aerosol  state  to  a  more  pure  “marine” 
state  would  be  related  to  the  radon  concentration.  This 
technique  has  been  hampered  by  a  lack  of  off  -  the  - 
shelf  reliable  measurement  systems.  (The  sensitivity 
of  these  devices  is  about  3  orders  of  magnitude  higher 
than  that  needed  for  routine  radon  measurements  in 
homes.)  Littfin  [9]  has  assembled  a  reliable  automatic 
radon  monitoring  device  for  this  purpose.  This  device 
was  mounted  on  MPN  and  produced  data  throughout 
the  MAPTIP  experiment.  Shown  in  figure  5  is  a  time 
series  of  the  radon  concentration.  Here  we  see  that  the 
radon  counts  change  over  time  from  a  low  during 
Julian  day  301  to  a  rather  rapidly  increasing  high 
toward  the  end  of  the  experiment. 


Radon  Measurements  from  MAPTIP 

Time  Series  of  Radon  at  MPN 


Figure  5:  A  time  series  plot  of  measured  Radon 
concentration  at  MPN  during  the  MAPTIP  experiment. 
Radon  gas  is  used  as  a  tracer  of  continental  air  in  NAM  and 
NOVAM. 

The  radon  measurements  during  MAPTIP  thus  show 
the  two  regimes  of  the  air  mass  as  suggested  by  the 
aerosol  and  visibility  measurements.  The  transition 
time  between  the  regimes  agrees  with  the  visibility 
measurements. 


3  OTHER  INDICATORS  OF  AIR  MASS 
3.1  Radon 

One  of  the  measurable  parameters  used  in  the 
calculation  of  the  a.m.p.  in  NAM  is  the  radon 
concentration.  The  technique  of  using  radon  as  a 
tracer  of  how  long  an  air  mass  was  over  water  was 


3.2  Wind  Direction 

The  wind  direction  at  the  tower  is  an  indicator  of 
where  the  air  mass  is  coming  from.  Wind  direction  in 
and  of  itself,  however,  is  not  a  good  indicator  because 
of  the  non-linear  nature  of  the  wind  direction.  For 
short  term  indicators  it  is  helpful  in  determining  that 
the  air  mass  is  coming  from  a  certain  sector,  but  slight 
curvature  to  the  streamlines  of  wind  cause  larger 
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uncertainties  as  distances  increase.  Wind  direction  is 
thus  only  a  short  term  indicator  of  the  history  of  the  air 
mass. 

MPN  is  only  9  km  off  the  Dutch  coast.  When  the 
wind  is  from  the  east,  European  aerosol  should  be 
evident.  When  the  wind  is  from  the  general  north 
northeast  directions,  it  should  be  more  representative 
of  an  open  sea  situation.  This  is  evident  in  the  data 
shown  in  figure  6. 


Figure  6:  A  time  series  plot  of  the  consensus  wind 
direction  measurements  made  during  the  MAPUP 
experiment.  Note  the  “pulse”  on  day  293  and  294  showing 
directions  from  250  to  300  degrees,  which  is  really  from  the 
northwest. 

3.3  Air  Mass  Trajectories 

Air  mass  trajectories  are  very  important  in 
understanding  the  history  of  the  air  mass  and  its 
changes  as  it  traverses  the  earth.  The  Meteorological 
Office  at  dc  Bilt,  the  Netherlands,  produced  a  series  of 
air  trajectories  during  the  MAPTIP  experiment. 
Shown  in  figure  7  are  the  trajectories  at  the  lowest 
altitudes  for  the  experiment. 


Air  Trajectories  from  de  Bilt 
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Trajectories  for  6  Julian  Days  during  MAPTIP 

Figure  7:  A  plot  of  six  air  trajectories  as  calculated  by  the 
Met  Office  at  de  Bilt  for  the  period  of  MAPTIP 
superimposed  on  a  sketch  of  the  land  masses  in  the  area. 


The  square  at  the  hub  of  the  spokes  is  the  MAPTIP 
operational  area  of  interest.  The  plot  shows  again  the 
twofold  nature  of  the  air  masses  during  MAPTIP,  i.e., 
air  coming  from  the  North  Sea  at  the  beginning  of  the 
measurements  and  from  the  central  continent  of 
Europe  toward  the  end  of  the  experiment. 

Some  of  the  changes  in  the  radon  concentration  can  be 
related  to  how  long  the  air  mass  has  been  over  land. 
For  instance,  on  Julian  day  300,  it  is  indicated  that  the 
air  has  come  almost  directly  from  the  east.  Even 
though  directly  east  from  MPN  is  industrial  Europe, 
the  air  spent  time  over  the  Baltic  Sea  and  did  not  pick 
up  additional  radon  gas.  This  is  confirmed  in  the  time 
series  of  radon  gas  measurements  on  MPN.  Contrast 
this  to  the  air  on  Julian  Days  302  and  307  where  the 
air  was  from  over  central  Europe.  The  radon 
concentration  for  this  case  is  very  high.  This  is  of 
course  also  confirmed  by  radon  222  measurements 
(figure  5).  This  shows  the  shortcoming  of  the 
assumptions  made  in  relating  the  “continental”  aspects 
of  the  air  mass  with  its  radon  content. 

4.  DISCUSSION 

The  various  indicators  as  to  the  origin  of  the  air  mass 
during  MAPTIP,  as  determined  by  the  various 
methods  available  to  the  MAPTIP  experiment,  all 
agree  as  to  an  “open”  sea  and  a  “continental  “  type  of 
air  mass  being  advected  into  the  area  by  meso  scale 
mechanisms.  The  techniques  discussed  above  all 
determine  to  some  degree  the  type  of  aerosol  at  a 
point.  This  type  of  information  is  essential  for 
determining  the  air  mass  type  at  a  point.  It  is 
interesting  to  note  the  comparison  of  the  radon 
measurements  at  MPN  to  the  airmass  trajectories.  The 
highest  radon  concentrations  come  from  the  air  that 
had  been  over  the  central  parts  of  the  continent  for  a 
long  period  of  time  and  the  lowest  where  the  air  came 
toward  the  tower  directly  over  the  North  Sea. 

In  summary,  the  plot  shows  again  the  twofold  nature 
of  the  air  masses  coming  to  the  MAPTIP  area.  Air 
came  from  the  North  Sea  at  the  beginning  of  the 
measurements  and  from  the  central  continent  of 
Europe  toward  the  end  of  the  experiment. 

5.  AEROSOL  MAPS 

In  the  coastal  areas,  many  sources  of  aerosol  exist. 
During  times  when  offshore  winds  are  blowing,  one 
would  expect  that  the  aerosol  content  just  off  shore 
would  not  be  particularly  well  mixed  in  the  horizontal 
directions  and  various  structures  would  no  doubt  exist. 
For  instance,  there  might  be  plumes  of  aerosol  from 
several  different  factories,  which,  as  they  are 
advected  offshore  would  be  distinct  from  each  other 
for  several  kilometers  before  they  blended  together 
into  a  single  continental  air  mass.  This  complex 
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structure  can  best  be  viewed  by  mapping  the  coastal 
aerosol.  Several  techniques  might  potentially  be  used 
for  this  purpose.  For  instance,  there  were  aerosol 
measurements  made  aboard  H.M.S.  Tydeman  as  it 
traversed  the  area  throughout  the  experiment.  The 
speed  of  the  ship,  however,  limits  its  usefulness  as  the 
structure  of  the  atmosphere  can  change  rapidly  with 
time.  Continuous  measurements  of  aerosol  were  made 
on  the  MPN  tower  and  at  the  shore  station  as  well  as 
on  the  ship,  but  this  is,  at  best,  only  three  points  on 
which  to  base  the  map.  The  NRaD  aircraft,  however, 
does  offer  an  opportunity  to  produce  such  a  map 
because  of  its  speed  and  the  flight  path  used  during 
MAPTIP. 

5.1  Aircraft  Measurements  during  MAPTIP 
The  NRaD  aircraft  was  used  for  multiple  applications, 
from  being  an  IR  target  to  providing  profiles  of  aerosol 
and  sea  surface  temperature  measurements  throughout 
the  experimental  region.  There  were  two  different 
flight  patterns  used  during  the  experiment.  One  was  a 
vertical  spiral  made  over  the  MPN  tower  to  make  a 
sounding  of  the  aerosol  and  the  meteorological 
parameters  at  the  site.  The  other  mode  of  operation 
was  to  fly  in  a  starlike  pattern  at  a  relatively  low 
altitude  (below  500  feet)  ( figure  8). 


Flight  Path  -  MAPTIP 
01  November  1  993 


Figure  8:  The  flight  path  of  the  NRaD  aircraft  during  the 
constant  altitude  phase  of  the  01  November  1993  MAPTIP 
experiment.  The  total  flight  takes  about  two  hours,  so  parts 
of  the  structure  that  might  change  in  this  time  scale  would 
be  lost  in  this  technique.  The  hub  of  the  wheel  shape  is  the 
MPN  tower  at  52.2739  degrees  North  and  4.2961  degrees 
East. 

The  position  of  the  aircraft  was  accurately  recorded  by 
a  GPS  satellite  system  from  Trimble  Navigation 
(model  TNL-2000  GPS).  It  also  contained  an 
FSSP_100  (0.5-47pm)  and  an  OAP_200  (30-300  pm) 
aerosol  spectrometer  both  from  Particle  Measurement 
Systems  Inc..  These  instruments  allow  us  to  make 
some  inference  as  to  the  aerosol  structure  in  the 
MAPTIP  area  of  interest. 


First  of  all,  the  speed  is  absolutely  necessary  if  the 
sampling  area  is  to  be  of  reasonable  size.  A  slow 
moving  sensor  would  take  many  hours  to  cover  the 
same  area  as  the  aircraft,  and  the  structure  of  the 
aerosol  may  well  change  during  this  period  of  time. 
However,  it  is  difficult  to  make  statistically  significant 
samples  of  the  larger  aerosol  when  the  sample  time  is 
on  the  order  of  1  second.  Of  course,  longer  sample 
times  would  no  longer  be  a  point  sample.  Some  sort  of 
compromise  must  be  made  in  using  the  aircraft 
measurements  to  map  the  aerosol  structure.  In  this 
paper  we  chose  to  look  at  the  aerosol  concentration  in 
the  smallest  size  bin  of  the  PMS  system  (mean  size  of 
0.375  microns  diameter  and  a  width  of  0.25  microns). 
This  size  range  usually  has  counts  of  100  or  more 
every  second  so  that  we  feel  that  the  counts  used  in  our 
mapping  procedure  will  be  statistically  significant.  It 
does  not  however  address  the  more  interesting 
geographical  structure  of  the  larger  aerosol,  which  will 
affect  IR  transmission  the  most.  However,  these  small 
particles  will  provide  a  map  by  which  we  can  see 
something  of  the  structure  of  the  aerosol  during  the 
various  phases  of  MAPTIP. 


5.2  Aerosol  Maps 

In  the  process  of  carrying  out  the  MAPTIP 
experiment,  the  NRaD  aircraft  made  a  number  of 
“star”  pattern  flights  each  day.  These  flights  were 
carried  out  at  a  relatively  low  altitude  and  were 
interspersed  with  vertical  spirals.  These  low  constant 
altitude  flights  obtained  a  considerable  amount  of 
information  on  the  concentration  of  aerosol  in  a 
widely  diverse  spatial  array. 


1  9  OCT  93  1 

1  0:34  -  1  2:07 


Figure  9:  An  aerosol  concentration  map  made  during  19 
Oct.  in  which  measurements  at  the  MPN  tower  indicated  an 
essentially  “open”  ocean  aerosol  environment.  The  pockets 
of  aerosol  seen  here  may  or  may  not  be  from  ships  traversing 
the  region  but  it  is  felt  that  they  could  indeed  be  from  noise 
sources  either  in  the  data  itself  or  from  the  interpolation 
needed  in  the  contouring  of  irregular  data. 


The  speed  of  the  aircraft  has  both  a  good  and  a  bad 
aspect  for  getting  an  accurate  aerosol  map  of  the  area. 
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The  profile  data  was  processed  using  only  the  constant 
altitude  data.  Latitude,  longitude  and  aerosol 
concentration  from  range  1  were  used  as  an  input  to  an 
irregular  data  contour  plotting  package  called  Axum, 
from  TriMetrix,  Inc.  The  flight  pattern  was  not  ideal 
for  use  in  a  contour  plot  but  by  increasing  the  grid 
sizes  for  the  irregular  data,  a  reasonable  plot  could  be 
obtained.  Figure  9  shows  a  typical  “open”  ocean 
situation  in  which  our  point  measurements  at  MPN 
indicated  a  non  coastal  aerosol  regime.  We  see  that 
there  are  few  aerosol  and  there  is  no  indication  of 
plumes  leaving  the  shore.  On  the  other  hand,  the  data 
shown  in  figure  10  is  for  the  period  where  our 
platform  measurement  indicated  that  we  were  indeed 
in  a  coastal  aerosol  regime.  This  plot  shows  the 
evidence  of  aerosol  plumes  leaving  the  coast  and 
overtaking  the  tower. 
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Figure  10:  This  is  a  map  of  the  MAPTIP  area  during  the 
period  when  the  measurements  at  MPN  indicated  that  there 
were  indeed  coastal  aerosols  in  the  region. 

6.  CONCLUSIONS 

The  maps  shown  in  figures  9  and  10  indicate  that 
there  is  considerable  structure  in  the  concentration  of 
the  smallest  measured  sizes  of  coastal  aerosol  during 
MAPTIP.  Differences  in  the  plumes  from  various  land 
based  sources  can  well  cause  differences  in  identical 
measurements  made  at  the  same  time  but  in 
physically  separated  places.  The  maps  show  that 
tiying  to  model  the  coastal  aerosol  will  be  a  difficult 
job  if  detailed  structures  are  to  be  included. 

Although  the  flight  path  shown  in  figure  8  was  not 
designed  for  contouring  purposes,  an  adequate  map 
could  be  produced  which  shows  the  main  structures  in 
the  experiment  area.  However,  by  carefully  adjusting 
the  flight  path  to  improve  the  contouring  effort,  more 
detailed  structures  could  be  obtained. 

The  complex  nature  of  the  coastal  aerosol  and  its  non- 
uniform  horizontal  distributions  show  why  a  simple 
model  such  as  NAM,  designed  for  the  “open”  ocean 
environment  where  horizontal  homogeneity  is  the 
norm,  can  not  be  adequately  applied  to  coastal 


aerosol.  Because  of  the  importance  of  these  waters  to 
the  modem  Navy,  an  extensive  effort  should  be 
expended  to  provide  a  meso  scale  coastal  aerosol 
model  which  can  adequately  take  into  account  the 
complex  structures  of  a  coastal  environment. 
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DISCUSSION 


J.  ROSENTHAL 

In  tracing,  mapping,  and  explaining  the  source  of  aerosols,  we  have  found  during  air  pollution 
studies  in  Southern  California  that  one  must  use  winds  at  levels  above  the  surface  (e.g.  near  500 
m).  The  surface  wind  may  be  unrepresentative  of  the  air  source  because  it  may  be  a  local 
(westerly)  sea  breeze  within  an  overall  easterly  polluted  flow. 

AUTHOR’S  REPLY 

The  air  mass  trajectories  shown  were  done  for  a  constant  pressure  of  800  mb,  or  for  the  lowest 
level.  The  trajectories  for  pressure  levels  500  mb  and  less  show  generally  the  same  path  so  I 
think  this  doesn’t  matter  too  much  for  the  MAPTIP  experiment.  Additional  experiments  should 
take  several  levels  into  account  in  this  analysis. 
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1.  SUMMARY 

The  primary  contribution  of  the  UMIST  Group  to  the 
MAPTIP  campaign  consisted  of  measurements  of  the 
concentration  and  composition  of  the  accumulation  mode 
aerosol  (0.05  <  r  <  1.0pm).  Direct  measurements  of  soot 
carbon  concentrations,  by  means  of  an  aethalometer, 
demonstrated  its  ubiquitous  presence  throughout  most  of 
the  trial.  A  thermal  analytical  technique  was  employed  to 
determine  the  size-differentiated  composition  of  the  aerosol 
and  confirmed  that  these  soot  carbon  particles  dominated 
the  aerosol  spectrum  below  about  0.1pm  in  radius,  with 
substantial  particulate  sulphate  contributions  for  radii  from 
0.1  to  0.5pm.  The  light  winds  and  short  fetches  during 
most  of  the  campaign  meant  that  the  sea  salt  contribution 
to  this  small  aerosol  was  generally  slight.  However,  a  brief 
period  of  northerly  winds  during  the  measurement  period 
gave  significant  sea  salt  loadings  for  radii  from  0.2  to 
0.5pm. 

2.  INTRODUCTION 

The  UMIST  Group  contributed  to  the  MAPTIP  trial  in 
three  distinct  areas  involving  measurements  of:  a)  the 
concentration  and  composition  of  the  accumulation  mode 
aerosol  with  particle  radii  around  0.1pm;  b)  the 
concentrations  of  larger  sea  spray  aerosol  particles 
(0.25  <  r  <  150pm);  and  c)  detailed  micrometeorological 
observations  to  study  momentum,  moisture  and  heat  fluxes. 

The  accumulation  mode  aerosol  is  generally  dominated  by 
gas-to-particle  production  processes  and  the  relevant 
precursor  gases  are  predominantly  associated  with 
continental  (often  anthropogenic)  sources,  although  the 
contribution  of  oceanic  sources  remains  a  current  subject  of 
scientific  debate.  Thus,  the  concentration  of  accumulation 
mode  particles  is  often  regarded  as  an  indicator  of  the 
contribution  of  continental  sources  to  the  particulate 
loading  within  a  given  air  mass.  Indeed,  part  of  the 
rationale  behind  the  use  of  the  Dutch  MPN  platform  for  the 
MAPTIP  trial  was  that  it  provided  a  good  opportunity  to 
extend  the  validation  of  existing  maritime  aerosol  models 
to  a  coastal  area  subject  to  strong  continental  aerosol  and 
meteorological  inputs.  The  size  of  these  particles  is  such 
that  their  influence  upon  atmospheric  extinction  is  strongest 
at  visible  and  near  infra-red  wavelengths. 


This  paper  deals  with  the  measurement  of  the 
accumulation  mode  aerosol  by  mean's  of  a  thermal 
analytical  method  which  has  been  used  effectively  by  the 
UMIST  Group  in  a  NE  Atlantic  cruise  during  1989 
( O'Dowd  et  al,  1993a)  and  in  recent  aircraft  studies.  This 
volatility  technique  involves  the  heating  of  continuous-flow 
aerosol  samples  prior  to  recording  their  sizes  and 
concentrations  by  means  of  a  Particle  Measuring  Systems 
ASASP-X  optical  particle  counter. 

One  significant  optically-active  component  of  this 
accumulation  mode  aerosol  comprises  soot  carbon  from 
high  temperature  combustion  sources  such  as  oil-fired 
power  stations  and  internal  combustion  (especially  diesel) 
engines.  Whilst  it  is  possible  to  derive  estimates  of  this 
component  from  the  volatility  technique,  its  importance  in 
the  atmospheric  extinction  of  continental  air  masses 
prompted  the  deployment  of  a  Magee  Scientific 
aethalometer  in  order  to  measure  directly  the  overall  mass 
loading  of  this  material.  The  aethalometer  operates  by 
measuring  the  absorption  of  light  passing  through  a  filter 
sample  and  the  instrument  is  computer-controlled  so  that 
successive  samples  may  be  obtained,  with  automatic 
corrections  for  changes  in  lamp  brightness  and  the  build-up 
of  material  upon  the  filter. 

The  volatility  technique  relies  upon  the  fact  that  various 
aerosol  species,  such  as  sulphuric  acid,  ammonium  sulphate 
and  sea  salt,  dissociate  at  characteristic  temperatures  and, 
from  observations  of  particle  size,  concentration  and 
temperature,  the  size-differentiated  composition  of  the 
aerosol  may  be  determined.  The  instrumentation  deployed 
during  MAPTIP  comprised  the  ASASP-X,  a  heated  quartz 
tube  assembly  and  a  small  computer  for  control  of  the 
system,  as  well  as  the  recording  and  processing  of  the 
aerosol  and  temperature  observations.  Although  longer 
sampling  periods  are  desirable,  especially  for  the  larger 
aerosol  particles,  statistically-significant  aerosol 
composition  and  concentration  information  can  be  provided 
with  undisturbed  sampling  times  of  about  one  hour. 

Observations  from  several  previous  field  projects  are 
presented  in  Figure  1  in  order  to  demonstrate  the  volatility 
technique  and  are  shown  as  particle  concentrations  within 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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four  size  bands  plotted  against  temperaure.  For  comparison 
purposes,  lines  showing  the  response  of  the  system  to 
laboratory -generated  ammonium  sulphate,  sodium  chloride, 
elemental  carbon  and  diesel  exhaust  aerosols  are  included 
in  the  figures,  as  appropriate.  Figures  1(a)  -  (c)  were 
obtained  during  a  cruise  in  the  NE  Atlantic  (O'Dowd  & 
Smith,  1993b),  whereas  Figure  1(d)  resulted  from  a  cruise 
off  the  west  coast  of  Ireland  (O'Dowd  et  al,  1992). 

Figure  1(a)  displays  the  thermal  response  of  the  aerosol 
during  maritime  high  wind  conditions  and  clearly  shows 
the  dominance  of  the  sea  salt  particles  for  these  sizes,  with 
little  or  no  sulphate  aerosol  present  within  the  sample 
During  the  Arctic  conditions  illustrated  in  Figure  1(b),  the 
concentration  of  sea  salt  was  much  reduced  in  these  lighter 
wind  conditions  whereas  there  is  evidence  of  a  much  more 
volatile  component,  identified  as  sulphuric  acid  aerosol, 
dominating  the  smaller  particle  sizes.  An  unusual  case, 
classified  as  modified  Arctic,  is  shown  in  Figure  1(c) 
where  the  smallest  aerosol  particles  consisted  of 
ammonium  sulphate  whereas  sulphuric  acid  aerosol 
dominated  the  intermediate  aerosol  sizes,  suggesting  a 
strong  source  of  sulphate  aerosol  (possibly  volcanic)  in  the 
region.  The  presence  of  sea  salt  in  the  largest  size  band  is 
consistent  with  the  prevailing  wind  speeds  at  the  time  of 
the  sample.  Finally,  the  continental  air  presented  in  1(d) 
demonstrates  the  characteristic  volatilization  of  elemental 
carbon  at  temperatures  around  800°C  for  all  but  the  largest 
particle  size  band.  However,  in  contrast  with  the  clear 
signatures  given  by  this  technique  for  most  aerosol  species, 
diesel  exhaust  fumes  show  a  much  more  gradual,  though 
characteristic  response  to  heating.  It  is  suggested, 
following  Cachier  et  al  (1989),  that  the  component  of  the 
aerosol  giving  a  gradual  response  to  heating  comprises  a 
highly  polymerised  organic  fraction  arising  from  the 
combustion  process. 

3.  MEASUREMENTS 

The  accumulation  mode  sampling  equipment  was  initially 
mounted  on  the  lower  deck  at  the  south  side  of  the 
Meetpost  Noordwijk  (MPN)  platform.  However,  the 
persistent  northerly  and  easterly  winds  resulted  in  the 
equipment  being  generally  in  the  shadow  of  the  platform 
and,  frequently,  the  measurements  were  influenced  by 
exhaust  fumes  from  the  electricity  generators  situated  on 
the  northeast  corner  of  the  platform.  In  an  attempt  to 
improve  the  quality  of  these  data,  the  instruments  were 
mounted  at  the  head  of  the  interior  stairwell  with  the 
aerosol  intakes  fixed  below  the  platform. 

3.1  Soot  Carbon  Observations 

Observations  from  the  aethalometer  for  the  duration  of  the 
MAPTIP  trial,  shown  in  Figure  2,  confirm  the  strong 
continental  influences,  as  might  be  expected  for  the 
prevalent  light  easterly  winds  which  dominated  almost  the 
whole  of  the  campaign.  Earlier  observations  in  the  NE 
Atlantic  and  the  Outer  Hebrides  indicated  that  roughly  10% 


of  the  accumulation  mode  aerosol  comprised  soot  carbon 
and  that  typical  background  loadings  for  these  relatively 
remote  regions  amounted  to  around  20  -  40ng  m'3.  Thus, 
it  may  be  noted  that  the  aerosol  sampled  at  the  MAPTIP 
platform  is  strongly  influenced  by  continental  sources 
throughout  most  of  the  trial  period,  with  only  a  brief  period 
of  relatively  unpolluted  air  from  about  25  to  27  October, 
during  which  the  prevailing  wind  was  more  northerly. 


Julian  Day  (Ju|ian  Day  2go  =  I7  0ct93) 
Figure  2.  MAPTIP  aethalometer  soot  carbon  loadings 

The  association  between  wind  direction  and  soot  carbon 
loadings  is  clearly  indicated  in  Figure  3  where  the  only 
loadings  below  about  lOOng  m'3  occurred  for  the  sector 
from  0  to  45°.  Most  of  the  observations  for  wind 
directions  outside  this  narrow  range  possessed  soot  carbon 
loadings  approaching,  and  often  exceeding,  lOOOng  m3. 


Figure  3.  Variation  of  soot  carbon  loading  with  wind 
direction  during  the  MAPTIP  trial. 
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3.2  Accumulation  Mode  Aerosol  Observations 

Observations  from  two  distinct  periods  of  the  MAPTIP  trial 
are  presented  to  demonstrate,  the  ability  of  the  volatility 
technique  to  determine  the  size-differentiated  composition 
of  the  accumulation  mode  aerosol.  The  first  of  these 
intervals,  the  morning  hours  of  25  October  1993,  was 
selected  as  being  representative  of  the  brief  episode  of 
maritime  conditions  encountered  during  the  project,  while 
the  second  period,  over  the  night  of  30  October  1993,  was 
regarded  as  characteristic  of  the  polluted  continental 
conditions  experienced  throughout  the  majority  of  the  time 
on  MPN.  Also,  these  intervals  were  chosen  because  they 
permitted  long  integration  periods  to  be  used  in  order  to 
smooth  the  statistical  variations  present  in  the  aerosol 
sampling  statistics.  On  several  occasions  during  the  trial, 
the  passage  of  ships  close  by  the  platform,  or  more 
especially  the  berth  of  supply  vessels  at  the  platform,  led 
to  localised  contamination  (sometimes  severe)  of  the 
aerosol  record  by  their  diesel  exhausts. 

A  further  limitation  of  the  data  set  arose  because  power 
supply  limitations  meant  that  the  quartz  tube  could  not  be 
heated  to  the  levels  in  excess  of  800°C  required  to 
volatilize  the  elemental  carbon  particles.  Thus,  an 
unambiguous  signal  regarding  this  component  could  not  be 
established.  However,  previous  trials  have  indicated  that, 
in  continental  regions  with  little  sea  salt  input,  the  residual 
aerosol  remaining  at  temperatures  above  350°C  is 
dominated  by  soot  carbon  particles.  Therefore,  it  is 
suggested  that,  for  this  trial,  the  aerosol  particles 
remaining  at  temperatures  above  680°C  (beyond  the 
volatilization  temperature  of  sea  salt)  may  be  regarded  as 
elemental  carbon  with  little  loss  of  accuracy.  The  validity 
of  this  assumption  will  be  explored  subsequently. 

The  variation  in  aerosol  number  concentration  with 
temperature  for  the  first  period  on  25  October  1993  is 
shown  in  Figure  4.  The  clear  signature  of  ammonium 
sulphate  at  around  200°C  may  be  noted  for  the  three 
smaller  size  bands,  with  a  contribution  from  sulphuric  acid 


Figure  4.  Variation  in  particle  concentration  dN  with 
temperature  for  25  October  1993  from  03:00  -  09:00  GMT 


indicated  in  the  largest  (and  perhaps  the  next  largest)  size 
category.  The  two  largest  size  bands  show  the  presence  of 
sea  salt  which  is  volatile  at  around  650°C.  The  slight 
increase  at  this  temperature  in  the  particle  concentrations 
within  the  two  smaller  size  classes  is  often  found  under 
these  conditions  and  is  believed  to  result  from  the 
thermally -induced  shattering  of  the  larger  sea  salt  crystals 
into  numerous  smaller  fractions.  The  general  decrease  in 
particle  concentrations  for  the  three  smallest  size  ranges  at 
temperatures  above  240°C  is  consistent  with  the  presence 
of  polymerised  organic  carbon  components. 

By  extracting  particle  spectra  within  specific  temperature 
bands  from  the  data  set,  the  response  of  the  aerosol  to 
heating  may  be  determined  and  used  to  indicate  its 
fractional  composition.  Thus,  changes  in  the  aerosol 
spectrum  between  65°C  and  145°C  may  be  associated  with 
sulphuric  acid,  those  between  145°C  and  270°C  with 
ammonium  sulphate,  and  so  on.  Aerosol  spectra  derived 
in  this  fashion  for  the  25  October  1993  samples  are 
presented  in  Figure  5. 


Figure  5.  Particle  spectra  at  specific  temperatures  for  25 
October  1993 

From  this  figure,  it  may  be  noted  that  the  contribution  of 
the  sulphate  components  is  substantial  for  radii  below 
about  0.2pm,  whereas  the  sea  salt  component  extends  down 
to  0.1  pm  or  less.  The  organic  carbon  component,  most  of 
which  is  volatile  at  temperatures  between  about  300°  and 
500°C,  is  only  present  in  significant  quantities  for  aerosol 
sizes  below  about  0.2pm  in  radius,  while  the  residual 
elemental  carbon  provides  a  very  small  fraction  of  the  total 
aerosol  loading.. 

The  relative  proportions  of  the  various  chemical  species 
within  the  aerosol  may  be  determined  by  taking  the 
difference  between  the  relevant  spectra  shown  in  Figure  5 
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and  these  components  are  presented  in  Figure  6  as  fractions 
of  the  total  aerosol  loading.  However,  the  particle  counts 
for  radii  beyond  about  0.5pm  remain  very  low,  despite  the 
extended  sample  periods  employed,  and  useful  composition 
information  cannot  readily  be  derived  for  these  larger  sizes. 


Figure  6.  Fractional  composition  of  the  aerosol  sampled 
on  25  October  1993. 

From  this  figure,  the  contributions  of  ammonium  sulphate 
and  sea  salt  to  the  smaller  and  larger  aerosol  fractions, 
respectively,  may  be  readily  noted.  The  contribution  of 
sulphuric  acid  to  the  intermediate  particle  sizes  is  also 
apparent  and  may  represent  the  capture  of  new  sulphur  gas 
species  as  these  sizes  probably  dominate  the  total 
particulate  surface  area.  This  point  illustrates  a  limitation 
of  presenting  the  aerosol  composition  information  in  the 
manner  employed  in  Figure  6,  namely,  that  an  externally- 
mixed  aerosol  is  assumed.  An  internally -mixed  aerosol 
(i.e.  one  where  some  particles  contained  two  or  more 
chemical  species)  would  tend  to  respond  to  heating  by  a 
shift  to  smaller  aerosol  sizes,  as  individual  chemical 
compounds  became  dissociated,  while  retaining  its  overall 
spectral  shape.  With  the  possible  exception  of  sulphuric 
acid,  there  is  little  evidence  for  such  a  shift  in  the  spectra 
illustrated  in  Figure  5  and,  therefore.  Figure  6  almost 
certainly  provides  a  realistic,  and  visually  illuminating, 
representation  of  the  various  aerosol  components. 

In  this  relatively  unpolluted  air  mass,  the  soot  carbon 
aerosol  contributes  about  30%  of  the  total  for  radii  below 
about  0.1pm  and  it  may  be  noted  that  the  proportions  of 
one-third  elemental  to  two-thirds  organic  carbon  are 
reasonably  typical  of  anthropogenic  sources. 

For  the  more  heavily  polluted  case  overnight  on  30 
October  1993,  the  variation  in  aerosol  concentration  with 
temperature  is  shown  in  Figure  7  for  the  same  size 
categories  as  in  Figure  4.  In  this  case  study,  the 
ammonium  sulphate  component  is  present  in  only  the 


larger  two  size  bands,  with  just  a  slight  indication  of 
sulphuric  acid  in  the  largest  size  category.  The  lack  of  a 
sea  salt  component  is  consistent  with  the  light  winds  of 
less  than  4m  s'1  prevalent  during  this  period. 


Temperature  (°C) 


Figure  7.  Variation  in  particle  concentration  dN  with 
temperature  for  the  period  from  19:00  GMT  on  30 
October  to  08:00  GMT  on  31  October  1993. 

The  particle  spectra  within  the  temperature  bands,  selected 
as  for  Figure  5,  are  illustrated  in  Figure  8,  from  which  it 
may  be  noted  that  the  contribution  of  the  sulphate 
components  is  relatively  modest  for  particle  radii  below 
about  0.1  pm,  but  is  substantial  from  this  radius  up  to  about 
0.6pm.  The  transition  from  the  480-530°C  temperature 
band  to  that  of  680-760°C,  which  is  normally  associated 
with  sea  salt,  exhibits  a  bimodal  structure.  More  detailed 
consideration  of  the  thermal  response  of  the  aerosol 
suggests  that  only  the  spectral  changes  for  radii  above 
about  0.25pm  are  associated  with  sea  salt,  whereas  those 
at  lower  temperatures  correspond  to  the  dissociation  of 
organic  carbon  components. 


Figure  8.  Particle  spectra  within  specific  temperature 
bands  for  30  October  1993 

The  fractional  composition  of  the  aerosol  under  these 
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polluted  conditions  is  shown  in  Figure  9  and  differs 
markedly  from  that  in  the  previous  case  study. 


Figure  9.  Fractional  composition  of  the  aerosol  sampled 
on  30  October  1993. 


For  this  situation,  the  strong  dominance  of  the  soot  aerosol 
is  obvious  -  the  two  carbon  components  constitute  almost 
100%  of  the  particles  with  radii  around  0.05  to  0.07pm. 
However,  the  soot  carbon  has  a  very  narrow  size 
distribution  and  the  larger  aerosol  sizes  are  dominated  by 
the  sulphate  components.  The  very  small  sea  salt  fraction 
is  only  evident  at  sizes  above  0.4pm.  Once  again,  the 
sulphuric  acid  material  appears  concentrated  around  the 
middle  size  categories. 

One  further  point  regarding  these  aerosol  spectra  is  that, 
even  at  the  lowest  point  in  the  heating  cycle,  the  aerosol  is 
significantly  warmer  than  the  prevailing  environmental 
temperature.  Thus,  if  aerosol  particle  spectra  pertinent  to 
the  ambient  environmental  conditions  are  required,  the 
particle  size  distributions  measured  by  the  volatility 
technique  must  be  grown  to  their  equilibrium  sizes  at  the 
prevailing  relative  humidity.  Experience  has  shown  that 
the  relatively  simple  algorithms  developed  by  Gerber 
(1988)  may  be  employed  for  this  purpose,  up  to  relative 
humidities  of  100%.  A  typical  example  of  a  particle  size 
distribution  from  the  MAPTIP  campaign  adjusted  in  this 
manner  is  shown  in  Figure  10,  where  observations  from  the 
volatility  equipment  are  combined  with  sea  spray 
measurements  produced  from  other  Particle  Measuring 
Systems  instruments  operating  under  ambient  conditions. 

Agreement  between  the  spectra  from  the  various  optical 
particle  counters  is  generally  good  apart  from  the  region 
above  0.5pm  for  the  ASASP-X  volatility  measurements. 
Separate  extensive  tests  have  confirmed  that  this 
discrepancy  arises  from  particle  losses,  at  these  larger  sizes, 
within  the  piping  associated  with  the  heated  quartz  tube  but 
that  losses  of  the  smaller  particles  are  almost  negligible. 
Thus,  the  volatility  system  significantly  undercounts 
particles  with  radii  above  0.5pm  although  the  relative 


composition  of  these  larger  particles  remains  valid. 


Figure  10.  Aerosol  particle  spectrum  for  the  period 
07:00  -  08:00  GMT  on  25  October  1993. 


3.3  Comparisons  of  Soot  Carbon  Estimates 

The  validity  of  the  volatility  method  for  deriving  soot 
carbon  loadings  may  be  tested  simply  by  comparing  the 
results  from  the  two  methods.  Since  the  production 
processes  for  the  polymerised  organic  and  elemental  carbon 
components  are  usually  closely  related,  the  correlations 
between  each  of  these  components  and  the  integrated 
aethalometer  measurements  should  be  similar,  as  is  the  case 
for  these  data  shown  in  Figures  1 1(a)  and  (b).  From  these 
figures,  which  include  data  from  the  whole  of  the  MAPTIP 
campaign,  it  may  be  noted  that  the  organic  carbon 
component  dominates  the  soot  carbon  loading,  with  levels 
approximately  three  times  larger  than  those  for  elemental 
carbon. 

As  may  be  seen  from  the  figures,  there  is  generally  a  good 
correlation  between  the  two  methods  although  a  significant 
amount  of  scatter  in  the  individual  observations  is  apparent. 
Investigation  of  the  aethalometer  performance  at  a  number 
of  sites  under  a  range  of  conditions  demonstrates  that  it 
does  exhibit  a  substantial  degree  of  variability  even  for 
ostensibly  steady  states.  As  the  instrument  operates  by 
measuring  the  absorption  of  a  light  beam  before  and  after 
a  known  volume  of  air  is  drawn  through  the  filter,  these 
fluctuations  may  arise  from  slight  uncorrected  variations  in 
lamp  brightness  giving  a  higher  variability  in  the  signal, 
which  is  the  difference  between  the  two  much  larger 
readings. 

Variations  will  also  appear  in  the  volatility  measurements 
due  to  fluctuations  in  ambient  aerosol  concentrations  and 
this  problem  will  be  especially  acute  when  the  aerosol 
sources  are  relatively  close  to  the  measurement  point,  as 
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was  the  case  for  much  of  the  MAPTIP  trial  with  industrial 
sources  in  close  proximity  to  the  Dutch  coast. 


MAPTIP  Soot  Carbon  Observations 


Figure  11.  Comparison  of  volatility  and  aethalometer 
carbon  loadings  measurements. 

Comparisons  of  the  total  soot  carbon  aerosol  loadings 
provided  by  the  two  techniques,  shown  in  Figure  12, 
indicate  surprisingly  good  absolute  agreement,  although  the 
levels  derived  from  the  volatility  method  are  somewhat 
higher  than  those  from  the  aethalometer.  Discrepancies 
between  the  two  data  sets  may  be  covered  by  experimental 


Figure  12.  Comparison  of  total  soot  carbon  loadings 
from  the  volatility  and  aethalometer  measurements. 


errors,  though  it  is  worth  noting  that  the  volatility  estimates 
were  calculated  assuming  a  specific  gravity  for  carbon  of 
2.0,  which  may  not  be  accurate  for  these  carbon 
combustion  products.  Also,  soot  carbon  particles  possess 
refractive  indices  with  real  and  imaginary  components 
somewhat  different  from  those  of  particles  for  which  the 
ASASP-X  optical  particle  counter  is  calibrated,  and  may 
result  in  some  mis-sizing  of  these  carbon  particles.  Finally, 
whether  the  slight  offset  on  the  y-axis  of  Figure  12 
indicates  a  small  non-carbon  aerosol  residue  which  could 
not  be  detected  at  the  temperatures  below  800°C  used  in 
this  project  is  open  to  debate. 

4.  DISCUSSION 

This  paper  has  attempted  to  demonstrate  the  effectiveness 
of  the  volatility  technique  for  determining  aerosol  particle 
composition  and  concentrations  over  the  radius  range  from 
0.05  to  around  1pm.  The  lack  of  precision  available  from 
this  technique,  when  compared  with  more  conventional 
chemical  analysis  methods,  is  more  than  compensated  by 
its  ability  to  provide  information  on  size-differentiated 
particle  composition  which  could  not  readily  be  achieved 
by  other  means.  Also,  this  composition  information  can  be 
provided  on  an  almost  real-time  basis.  Extending  the 
procedure  to  higher  temperatures  permits  its  use  for 
measuring  the  important  contribution  of  optically-active 
soot  carbon  particles  to  the  aerosol  present  in  polluted  air 
masses. 

Throughout  the  majority  of  the  MAPTIP  campaign,  the 
aerosol  loadings  were  dominated  by  the  contributions  from 
continental  sources,  clearly  demonstrating  their  significance 
in  coastal  or  polluted  environments.  Even  at  the  small 
sizes  characteristic  of  the  accumulation  mode,  these 
particles  are  pertinent  to  the  problems  of  atmospheric 
propagation  at  visible  and  near  infra-red  wavelengths,  and 
will  be  of  even  greater  significance  at  ultra-violet  and  near 
ultra-violet  wavelengths. 

This  thermal  analytical  technique  has  been  adapted  for 
airborne  operation  by  employing  a  series  of  pre-heated 
quartz  tubes  at  selected  temperatures,  in  order  to  bring  the 
required  sampling  times  down  to  durations  appropriate  for 
aircraft  use.  By  switching  the  optical  particle  counter 
intake  between  the  pre-heated  tubes,  estimates  of  the 
contributions  of  specific  aerosol  species  to  the  particulate 
spectrum  may  be  determined  with  sample  times  of  a  few 
minutes. 

Finally,  a  revised  volatility  system  is  being  developed  for 
installation  on  a  recently -purchased  TSI  Scanning  Mobility 
Particle  Sizer  instrument.  It  is  proposed  to  utilise  this 
system  to  extend  the  volatility  method  down  to  particle 
radii  of  10'8m  or  less,  in  order  to  investigate  the 
composition  of  aerosol  particles  during  the  early  stages  of 
their  formation. 
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D.  DION 

Concerning  the  North  Atlantic  measurements  where  continental  aerosols  were  detected  away 
from  the  coast,  did  you  identify  the  meteorological  process  that  was  responsible  for  that?  Was 
this  condition  usual? 

AUTHOR’S  REPLY 

We  have  air  mass  trajectory  analyses  which  show  paths  of  anthropogenic  aerosols  from  central 
Europe  and  the  UK.  Although  much  of  the  5-week  period  in  Oct/Nov  1989  was  in  polluted 
conditions,  other  trajectories  brought  cleaner  maritime  or  Arctic  air  to  the  ship.  One  interesting 
case  (fig  lc)  indicated  a  strong  sulphur  source  which  was  believed  to  result  from  air  passage 
over  the  Icelandic  volcanic  region,  and  which  had  a  high  radon,  though  low  soot  carbon  content; 
thus,  no  ’indicator’  is  ideal  to  define  the  air  mass. 


Impact  of  Coastal  Environment  on  Point  Target  Detection 


K.  Stein,  A.  Kohnle,  W.  Schuberth,  R.  Jantzen 
FGAN-Forschungsinstitut  fur  Optik  (FGAN-FfO),  Doc.  1994/74 
Schloss  Kressbach,  D-72072  Tubingen,  Germany 


Summery 

It  is  still  difficult  for  a  sensor  system  to  detect  low  flying  anti-ship  missiles  over  long  distances  with  high  detection 
probability  and  low  false  alarm  rates.  In  continuation  of  the  work  in  this  subject  area  concerning  infrared  (IR)  sensor 
systems  the  FGAN-FfO  participated  in  the  MAPTIP  trial  of  NATO  AC/243  (Panel  04/RSG.08)  with  two  infrared  (IR)  / 
visible  (VIS)  camera  systems  set-up  on  the  Katwijk  coast  in  The  Netherlands.  Two  main  types  of  measurements  were 
performed.  Observations  of  a  fixed  target  mounted  on  a  mast  on  the  Meetpost  Noordwijk  platform  5.6  miles  off  the 
Katwijk  coast,  and  tracks  of  planes,  especially  of  the  inbound  flights  of  a  Piper  Navajo,  chartered  by  the  US-NCCOSC. 

Initial  analysis  results  of  the  temporal  and  spatial  behaviour  of  the  fixed  and  moving  targets,  especially  the  two  engines  of 
the  Piper  Navajo,  are  given.  In  addition,  experimentally  determined  signal-to-noise  ratios  from  IR  imagery  are  compared 
with  calculations  using  the  FGAN-FfO  thermal  range  model  for  point  target  detection  (TRP).  The  correspondence  is  quite 
good. 

It  was  possible  to  track  the  Piper  Navajo  up  to  13  nautical  miles  (nmi)  in  the  8-12  pm  waveband,  less  far  in  the  3-5  pm 
wavelength  region.  This  was  partially  due  to  the  lower  sensitivity  of  the  used  sensor  in  this  waveband.  The  two  engines  of 
the  approaching  plane  were  resolved  at  8  nmi. 

Steps  have  been  undertaken  to  analyze  the  handle  of  extremely  close  multiple  targets  (as  the  two  Navajo  engines  seen  at 
long  distance)  by  different  image  processing  algorithms.  One  example  is  given  where  bispectrum  analysis  is  used  to 
clearly  resolve  the  two  Navajo  engines  at  long  distances. 

Forschungsinstitut  fur  Optik  (FfO,  Research  Institute  for  Optics)  presents  first  results  from  their  participation  in  the 
MAPTIP  measurement  campaign. 


1.  Introduction 

The  detection  of  low  flying  anti-ship  missiles  (sea 
skimmers)  with  high  detection  probability  and  low  false 
alarm  rates  is  still  a  challenge.  The  FGAN  research 
institutes  FfO  and  FIM  have  been  working  in  this  subject 
area  for  several  years  (see  [SPIE]).  Both  sensor 
radiometric  and  algorithm  considerations  are  treated 
equally.  The  participation  in  a  NATO  experiment 
designed  to  obtain  a  more  in-depth  understanding  of  the 
interrelation  between  propagation  and  background  effects 
and  sensor  performance  was  therefore  a  unique 
opportunity. 

The  main  objectives  of  the  MAPTIP  trial  (Marine 
Aerosol  Properties  and  Thermal  Imager  Performance)  of 
NATO  AC/243  (Panel  04/RSG.08)  were  to  characterize 
the  marine  boundary  layer,  to  asses  boundary  layer 
effects  on  thermal  imaging  systems  and  to  provide  data 
for  the  improvement  and  validation  of  IRST  algorithms 
and  in  the  analysis  of  design  criteria  for  Infrared  Search 
and  Track  (IRST)  systems. 

For  this  purpose  several  thermal  imaging  systems  were 
set-up  by  member  nations  of  the  NATO  Research  Study 
Groups  08  and  05  on  the  beach  site  in  Katwijk,  The 
Netherlands,  the  Meetpost  Noordwijk  platform  (MPN) 
5.6  miles  off  the  Katwijk  coast,  in  a  Lynx  helicopter  and 
in  a  P3-Orion  Marine  Patrol  Aircraft  of  The  Netherlands 
Navy.  Calibrated  IR  sources  were  installed  on  board  the 
Netherlands  Oceanographic  ship  Hr.  Ms.  Tydeman,  on 
the  MPN  platform,  and  hanging  underneath  the  Lynx 
helicopter.  Moreover  the  P3-Orion  and  a  Piper  Navajo 
chartered  by  the  US-NCCOSC  acted  as  moving  targets. 


All  this  provided  a  great  variety  of  imaging  data  in  the  3  - 
5  pm  and  the  8  -  12  pm  wavelength  bands  near  the  sea 
surface  which  are  appropriate  for  the  prediction  analysis 
of  low-level  target  detection  ranges  above  sea. 

2.  Experimental  Set-up 

The  FGAN-FfO  imaging  systems  were  installed  inside  a 
shelter  placed  on  the  parking  lot  near  Katwijk  beach 
station  at  approximately  1 7  meters  above  sea  level. 

In  addition  a  FGAN-FfO  designed  infrared  source  was 
mounted  on  a  mast  at  the  MPN  at  a  height  of 
approximately  22  meters  above  mean  sea  level.  This 
point-like  target  of  0.22  m  diameter  was  temperature 
stabilized  and  calibrated  at  300°C.  From  the  beach 
station  it  was  possible  to  detect  the  point  target  against 
the  sky  background. 

The  FGAN-FfO  used  two  infrared  camera  systems 
mounted  on  a  fixed  and  tracking  platform,  respectively. 
Each  system  consisted  of  a  thermal  imager  and  a  video 
camera.  One  video  camera  was  used  to  record  the  general 
visibility  conditions,  e.g.  by  taking  images  of  the  MPN 
platform.  Both  IR-  and  video  cameras  had  the  same 
optical  axis  and  had  nearly  the  same  field  of  view. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  "Propagation  Assessment  in 
Coastal  Environments"  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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Figure  2.1:  Experimental  set-up  during  the  MAPTIP 
campaign:  in  the  shelter  the  DUWIR-system,  in  the  tent 
next  to  it  the  IRC-64-system.  Mounted  on  the  shelter  is  a 
meteorological  station. 


The  first  camera  system  was  a  dual  waveband  thermal 
imager  (DUWIR,  GEC)  working  simultaneously  in  the 
3  -  5  pm  (MWIR)  and  8  -  12  pm  (LWIR)  wavelength 
region.  It  is  a  scanning  system  with  a  frame  rate  of  25  Hz 
and  a  field  of  view  of  53  x  35  mrad.  The  DUWIR  system 
was  set-up  inside  the  shelter  and  mounted  on  a  tracking 
platform  which  was  controlled  by  a  computer.  The 
DUWIR  imagery  together  with  the  imagery  of  the  co¬ 
aligned  video  camera  were  recorded  on  S-VHS  tapes. 

The  second  camera  system  was  located  in  a  tent  next  to 
the  shelter.  The  IR  imaging  system  was  a  focal  plane 
array  camera  (IRC-64,  Cincinnati  Electronics),  equipped 
with  a  64  x  64  element  Indium  Antimonide  (InSb) 
detector.  Due  to  a  narrow  filter  the  camera  is  sensitive  in 
the  4.2  to  4.8  pm  region.  The  focus  length  of  the  mirror 
telescope  of  the  camera  is  1 .2  m  which  results  in  a 
camera  field  of  view  of  5.71  x  5.71  mrad.  By  tilting  the 
secondary  mirror  of  the  telescope  by  90  degrees  the 
instrument  could  take  images  either  in  the  IR  or  in  the 
visible.  The  system  "IRC-64/VIS"  was  primarily  aligned 
to  take  pictures  of  MPN. 

The  IRC-64  camera  images  were  recorded  either  by 
direct  digitization  (12  bits)  and  storing  on  a  PC  disc  or  by 
analog  on  S-VHS  tapes  depending  on  the  length  of  the 
scene. 

Supporting  meteorological  measurements  were  made 
with  a  meteorological  station  mounted  on  the  shelter. 

Two  types  of  observations  were  performed  during 
MAPTIP:  observations  of  the  MPN-structure  and  the 
fixed  point  target  against  various  sky  backgrounds,  and 
tracks  of  the  two  planes  and  the  Lynx  helicopter  with  the 
tethered  point  target  in  different  flight  profiles. 


Figure  2.2:  Schematic  of  the  FGAN-FfO  experiment: 
two  camera  sets  located  on  the  boulevard  of  Katwijk, 
taking  IR  images  of  the  MPN  tower  and  an  approaching 
aircraft. 


3.  Fixed  Target 

One  goal  of  the  experiment  was  the  detection  of  a  fixed 
point  target  against  various  sky  backgrounds  at  different 
extinction  profiles  along  the  propagation  path  and  how 
that  "behaviour"  changes  in  each  wavelength  region  of 
the  DUWIR  camera. 

A  point  source  at  a  long  distance  shows  special 
characteristics  in  the  image  sequence  of  an  IR  sensor. 
Generally,  temporal  and  spatial  fluctuations  are  seen  in 
the  digitized  imagery. 

Images  of  the  FfO-blackbody  on  MPN  were  taken 
simultaneously  in  both  wavebands.  To  analyze  the 
fluctuations  several  sequences  were  digitized. 

All  images  presented  in  this  paper  were  processed  using 
the  IDL  programme  [IDL].  IDL  is  an  array  oriented 
programming  language  specifically  suitable  for  analysis 
and  graphical  display  of  images. 

A  rectangular  dark  spot  is  apparent  in  the  centre  of  all 
DUWIR  pictures.  This  is  the  detector  narcissus  due  to 
reflection.  Moreover,  the  images  of  the  8  -  12  pm 
waveband  show  an  additional  undesirable  effect:  one 
defective  horizontal  line  in  the  middle  of  the  picture. 

The  images  taken  in  the  3  -  5  pm  waveband  are  of 
inferior  quality  than  those  taken  in  the  8  -  12  pm  region. 
This  is  due  to  the  less  sensitivity  of  the  HgCdTe  detector 
in  the  MWIR. 

The  following  pictures  compare  data  obtained  during  two 
different  weather  conditions:  a  very  clear  day  and  a  day 
of  dense  fog.  Figures  3.1a  and  3.2a  show  the  situations  in 
both  wavebands.  The  grey  value  distribution  of  an  area  of 
1 1  by  1 1  pixels  laid  around  the  point  target  is  shown  next 
to  them  (Figures  3.1b  and  3.2b). 

Imagery  #1  was  taken  in  the  morning  of  October  24,  at 
8:00  GMT,  a  very  clear  day.  The  visibility  range 


measured  on  MPN  platform  by  the  Defence  Research 
Establishment  Valcartier,  Canada  [DREV]  was  better 
than  20  km.  The  French  participants  [CELAR]  operated  a 
buoy  system  which  measured  the  mean  air  temperature  to 
be  7.7  °C  and  the  sea  surface  temperature  (0.2  m  below 
the  surface)  to  be  1 1 .7  °C.  The  second  scene  was  taken 


on  October  30,  at  13:00  GMT.  Visibility  during  that  day 
was  around  2  km  [DREV].  The  mean  air  temperature 
was  5.5  °C  [CELAR]  and  the  IR  sea  surface  sensor  on 
board  of  the  NCCOSC  chartered  aircraft  measured  a 
temperature  of  8°C  [NCCOSC]. 


Figure  3.1:  Images  of  the  point  target  on  MPN  taken  on  October  24,  8:00  GMT(a)  and  the  grey  value  distribution  of  the 
marked  area  (b).  Above:  8  to  12  pm  waveband,  below  3  to  5  pm  waveband. 
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a)  b) 

Figure  3.2:  Images  of  the  point  target  on  MPN  taken  on  October  30,  13:00  GMT(a)  and  the  grey  value  distribution  of  the 
marked  area(b).  Above:  8  to  1 2  pm  waveband,  below  3  to  5  pm  waveband. 


The  distribution  in  the  8  -  12  pm  waveband  shows  a 
"sharp"  peak  which  clearly  exceeds  the  discrimination 
level.  Whereas  in  the  3  -  5  pm  wavelength  region  the 
signal  is  more  distributed.  For  the  pictures  taken  on 
October  30,  the  images  in  the  IR  show  quite  a  good 
signal  even  though  the  visibility  was  low. 

For  a  more  detailed  analysis  we  looked  at  a  sequence  of 
1 0  s  time  periods.  The  grey  values  of  the  1 1  x  1 1  matrix 
are  analyzed.  The  following  diagrams  show  the 
variations  of  the  peak  signal  of  the  grey  value 
distribution.  The  values  are  plotted  against  the  image 
number  (250  images  span  a  sequence  of  10  seconds). 


The  spatial  variation  of  the  fixed  point  target  signal  is 
analyzed  for  October  24,  8:00  GMT  for  both  wavebands. 

The  following  diagrams  (3.3a  and  3.3b)  show  the 
positions  of  the  maximum  signal  within  the  11  x  11 
matrix.  The  dashed  line  marks  the  y-position,  the 
straight  line  marks  the  position  in  the  x  direction.  As  can 
be  seen  in  the  left  diagram  (8-12  pm)  the  y-position 
varies  by  one  pixel.  Whereas  the  spatial  fluctuations  in  x 
direction  have  a  difference  up  to  3  pixel. 

The  smaller  variation  in  y  direction  is  due  to  the 
scanning  technique  of  the  system. 
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In  the  LWIR  the  maximum  can  be  located  quite  clearly. 
This  is  not  the  case  for  the  MWIR  as  can  be  seen  from 
figure  3.3b.  The  position  of  the  peak  varies  a  lot  more 


and  the  signal  is  more  broadened  than  in  the  far  infrared. 
This  is  consistent  with  our  observations  concerning 
figures  3.1b  and  3.2b. 


Coordinates  _  Coordinates 


Figure  3.3:  X-(straight  line)  and  y-(dashed  line)  positions  of  the  peak  signal  on  October  24,  8:00  GMT: 

a)  in  the  LWIR, 

b)  in  the  MWIR. 


a)  b) 

Figure  3.4:  Peak  signal  variation  on  October  24,  8:00  GMT(a)  and  October  30,  13:00  GMT(b),  for  the  8-12  pm 
wavebands. 


The  temporal  fluctuations  of  the  signal  are  shown  in 
figure  3.4.  We  chose  the  signal  in  the  8  -  12  pm 
waveband  on  October  24,  8:00  GMT  (a)  and  October  30, 
13:00  GMT  (b). 

Plotted  is  the  maximum  grey  value  against  the  image 
number.  For  the  clear  weather  situation  on  October  24, 
the  maximum  signal  is  higher  than  on  October  30.  But 


we  find  greater  fluctuations  of  the  signal  during  bad 
visibility  conditions. 

The  same  conclusions  can  be  drawn  from  the  analysis  of 
the  MWIR-images:  sea  fog  leads  to  a  slightly  lower 
signal  in  the  infrared  compared  to  good  visibility 
conditions,  but  the  signal  is  more  exposed  to  temporal 
fluctuations. 
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4.  Aircraft  Target 

The  NCCOSC  operated  an  airborne  platform:  the  Piper 
Navajo  aircraft  carrying  equipment  to  measure  the 
horizontal  and  vertical  variation  of  the  aerosol  particle 
size  distribution  and  the  meteorological  parameters. 

This  twin  engined  Piper  Navajo  was  the  primary  target  of 
interest  for  IR  imaging.  The  aircraft  manoeuvred  in  a  star 
pattern  around  MPN  tower  to  provide  a  moving  target  at 
low  altitude.  We  directed  our  attention  to  tracking  the 
plane  on  its  inbound  run  to  the  beach  and  in  particular 
we  were  interested  in  resolving  its  engines. 

Simultaneous  pairs  of  images  in  the  MWIR  and  LWIR 
bands  were  taken  by  the  DUWIR  camera. 

On  October  24,  a  day  with  very  stable,  clear  conditions 
the  Piper  Navajo  flew  at  different  altitudes  at  a  constant 
speed  of  120  mph.  We  selected  two  inbound  runs:  (1) 
7:55  -  8:04  GMT  at  200  feet  and  (2)  8:18  -  8:27  GMT  at 
500  feet. 

The  approaching  plane  becomes  discernible  on  the 
telescreen  in  the  LWIR  at  1 1  nautical  miles  and  10  nmi 
in  the  MWIR  at  an  altitude  of  200  feet.  Due  to  the 
decreasing  extinction  coefficient  with  increasing  altitude, 
with  an  altitude  of  500  feet  the  aircraft  can  even  be 
tracked  at  13  nautical  miles  in  the  LWIR. 

Note  that  on  a  telescreen  the  motion  of  the  target  can  be 
detected  easier  because  of  the  extraordinary  integration 
capacity  of  the  human  eye.  In  a  single  picture  it  is  often 
hard  to  spot  the  signal.  The  following  pictures  show  an 
example  of  the  approaching  Piper  Navajo  at  a  distance  of 
5  nmi  in  the  morning  of  October  24.  Marked  is  an  area  of 
21  by  21  pixels  around  the  two  engines  (Figure  4.1). 


Figure  4.1:  Inbound  flight  at  an  altitude  of  200  feet  in 
the  8  -  12  pm  waveband  region.  The  example  shows  a 
single  picture  of  the  aircraft  at  a  distance  of  5  nmi. 

Figure  4.2  gives  an  enlargement  of  the  marked  area  (a) 
and  the  grey  value  distribution  of  this  matrix  (b).  It 
clearly  shows  the  two  engines. 

A  method  which  allows  a  clear  extraction  of  the  two 
engines  and  a  suppression  of  the  background  is  shown  in 
chapter  6. 


a) 


b) 

Figure  4.2:  Enlargement  of  the  marked  area  of  the 
Figure  4.1  and  grey  value  distribution  of  this  area  (21  x 
21  pixels). 


The  second  series  of  situations  we  chose  were  on 
October  30,  a  day  characterized  by  dense  fog.  The  Piper 
Navajo  flew  at  three  different  altitudes:  12:50  -  12:56 
GMT  100  feet,  13:04  -  13:10  GMT  200  feet  and  13:18  - 
13:23  GMT  300  feet.  Again,  its  speed  was  held  constant 
at  120  mph. 

Although  the  visibility  was  rather  low,  we  got  some  good 
images  in  the  infrared,  especially  in  the  LWIR.  In  the  8  - 
12  pm  region  it  was  possible  to  track  the  plane  visually 
from  7  nmi  at  an  altitude  of  100  feet  and  from  8.5  nmi  at 
an  altitude  of  300  feet. 

In  the  3  -  5  pm  region  the  aircraft  was  detected  at  6  nmi 
irrespective  of  its  altitude. 
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5.  The  Thermal  Range  Model  for  Point  Target 
Detection  (TRP) 

The  FGAN  institutes  FfO  and  FIM  performed  a 
feasibility  study  for  long  range  IRST  systems,  called 
POSEIDON.  This  study  was  initiated  by  the  German 
Ministry  of  Defence. 

In  the  context  of  the  POSEIDON  study  an  analytical 
model  (TRP)  was  developed  to  estimate  first  detection 
ranges  of  point  target  detection  systems  working  in  the 
infrared  [TRP],  TRP  assumes  homogeneous  back¬ 
grounds,  which  is  approximately  true  for  sea  horizon 
applications.  Sub-models  of  TRP  consider  the  different 
contributions  of  the  electro-  optical  transfer  function 
from  the  source  (point  target)  to  the  sensor  output: 


However,  there  is  no  LOWTRAN  7  standard  model 
appropriate  to  describe  a  coastal  marine  atmosphere 
suitable  for  the  MAPTIP  trial.  Thus,  it  is  necessary  to 
make  some  assumptions  concerning  the  necessary 
atmospheric  transmission  calculations. 

We  calculate  the  spectral  molecular  transmission 
x(L)mol  by  using  LOWTRAN  7  without  taking  into 
account  aerosols.  For  the  aerosol  part  of  the  transmission 
the  10.6  pm  extinction  data  are  used,  which  had  been 
measured  by  the  Canadian  group  [DREV]  on  the  MPN 
platform. 

We  assume  that  xaer  is  constant  in  the  LWIR.  Thus,  a 
rough  formulation  for  the  spectral  transmission  x(L)  for  a 
range  R  is: 


•  the  target-background  model  computes  the 
radiance  difference  between  target  and  back¬ 
ground, 

•  the  transmitting  medium  model  considers 
atmospheric  extinction  and  angle  of  arrival 
fluctuations  due  to  optical  turbulence, 

•  the  sensor  model  takes  into  account  the  optical 
parameters  of  the  sensor,  the  scanning 
mechanism,  detector  sensitivity  and  size  and  the 
jitter  of  the  platform. 

If  the  spectral  radiance  of  the  target  is  not  known,  the 
model  assumes  an  equivalent  blackbody  target.  One  of 
the  results  from  TRP  is  the  signal-to-noise  ratio  S/N  as  a 
function  of  range  and  the  spatial  distribution  of  the  target 
signal  at  the  sensor  output. 
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Figure  5.1:  Structure  of  the  Thermal  Range  Model  for 
Point  Target  Detection  (TRP). 


Input  data  for  the  target  -  background  sub-model  of  TRP 
are  the  size  and  temperature  of  the  target  and  the 
background  temperature.  To  compute  the  transmitting 
medium  model  it  is  usually  possible  to  calculate  the 
spectral  atmospheric  transmission  by  using 
LOWTRAN  7  [LOWTRAN], 


with 


x(R,X.)-Tmoi(R,L)-Taer  (R),  (5.1) 

x  (R)  =  e^aer(x=ia6^m)'c'R.  (5-2) 

aer'  ^ 


a:  extinction  coefficient. 

The  constant  c  in  Eq.  (5.2)  is  a  correction  factor  which 
accounts  for  the  transfer  of  the  10.6  pm  aerosol 
extinction  to  the  mean  aerosol  extinction  in  the  8  - 
12  pm  waveband.  It  has  been  shown  previously 
[Clement]  that  this  transfer  factor  is  about  0.8  for  a 
marine  type  aerosol. 

From  the  DREV  data  we  find  that  on  October  24,  both 
the  visible  and  the  far  infrared  extinction  coefficients  are 
very  small  which  is  consistent  with  a  high  visibility.  On 
October  30,  the  visibility  extinction  is  fairly  high  while 
the  far  infrared  sensor  gives  a  small  value:  i.e.  the  sea  fog 
is  thick  for  the  visible  but  not  for  the  infrared.  This 
verifies  the  rather  good  quality  of  our  images  taken  on 
October  30. 


The  mean  effective  atmospheric  transmission  for  the 
used  DUWIR  camera  is  given  by: 

xeff(R)  =  JSna)x(R,L)dL  ,  (5.3) 

AX 


with  S„(A.)  being  the  normalized  DUWIR  spectral 
sensitivity. 

TRP  uses  a  first  order  approximation  of  xCff(R)  given  by: 

Teff(R)=T0e^ff-R,  <5'4) 


with  x0  and  ocff  being  determined  from  a  set  of  xeff(R) 
calculations  according  to  Eq.  (5.3)  for  ranges  R  between 
3  and  30  km  by  linear  regression. 

The  error  of  this  simplification  for  a  blackbody  target  has 
been  determined  for  the  8  -  12  pm  spectral  sensitivity  of 
the  DUWIR  camera  to  be  2  -  5  %  for  a  relevant  set  of 
meteorological  data. 

For  an  initial  test  we  modelled  the  S/N  ratio  of  the  fixed 
target  on  MPN  tower  (T  =  300  °C,  0  =  0.22  m)  on 
October  24.  In  addition,  the  S/N  ratio  is  determined  from 
a  digitized  IR  picture  by  dividing  the  maximum  grey 
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value  by  the  rms-noise  of  the  background.  Both  S/N 
values  supply  a  good  agreement.  Thus,  the  same 
approximations  were  chosen  for  the  calculation  of  the 
S/N  ratio  for  the  approaching  Piper  Navajo. 

Figures  5.2  and  5.3  show  S/N-values  calculated  by  TRP 
for  a  DUWIR  detector  in  the  LWIR  band.  Again,  the 
situations  of  October  24,  and  October  30,  were  chosen. 
The  values  of  a  division  of  the  grey  values  and  the  rms- 
noise  of  the  background  which  can  be  extracted  from  an 
IR-image  of  the  scene  in  the  8  -  12  pm  wavelength 
region  are  marked. 


5  10  15  2)  25 

Range  in  km 


Figure  5.2:  S/N  ratio  of  the  inbound  flight  of  the  Piper 
Navajo  versus  range  for  the  LWIR.  Date:  October  24. 
The  S/N  values  extracted  from  the  digitized  images  are 
marked. 


The  temperature  of  the  aircraft  engines  has  been 
calculated  to  be  100°C.  This  temperature  can  be 
evaluated  from  a  grey  value  analysis  using  the  blackbody 
on  MPN  as  a  calibration  source. 


5  10  15  25  25 
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Figure  5.3:  S/N  ratio  of  the  inbound  flight  of  the  Piper 
Navajo  versus  range  for  the  LWIR.  Date:  October  30. 
The  S/N  values  extracted  from  the  digitized  images  are 
marked. 


The  TRP  model  calculates  the  signal  to  noise  ratio  for  a 
point  target.  This  basic  requirement  is  certainly  not 
fulfilled  for  short  distances.  Therefore,  at  small  ranges 
there  are  deviations  between  the  modelled  curve  and  the 
dotted  values  calculated  from  the  digitized  IR  images  in 
figures  5.2  and  5.3. 


The  distances  where  the  approaching  aircraft  becomes 
discernible  (see  chapter  4)  result  in  a  S/N  of  0.9  for 
October  24,  (altitude:  500  feet)  and  2.4  for  October  30, 
(altitude:  300  feet). 

6.  Signal  Recovery  from  Bispectra 

An  IR  image  of  a  moving  target  is  often  very  noisy  due 
to  a  structured  background  or  a  turbulent  atmosphere.  It 
is  sometimes  nearly  impossible  to  extract  the  target  from 
the  background. 

An  averaging  of  images  leads  to  a  reduction  of  the  signal 
to  noise  ratio.  This  is  a  useful  method  if  the  target  is 
fixed,  but  the  image  of  a  moving  target  will  become  a 
blurred  picture  or,  in  the  worst  case,  disappear  in  the 
background. 

Figure  6.1  shows  the  enlarged  first  and  the  last  images  of 
a  sequence  of  6  seconds  duration.  It  shows  the  Piper 
Navajo  in  the  morning  of  October  24,  at  an  altitude  of 
200  feet  and  a  distance  of  7.5  nautical  miles.  According 
to  the  results  of  the  previous  chapter  the  signal  to  noise 
ratio  at  that  distance  is  about  4.5. 


Figure  6.1:  Enlarged  images  of  the  approaching  aircraft 
on  October  24,  altitude:  200  feet,  distance:  7.5  nnti.  The 
time  interval  between  the  pictures  is  6  s. 
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Figure  6.2  gives  an  example  of  an  averaging  of  the  scene. 
Each  third  picture  was  taken;  in  doing  so,  49  images 
were  added.  The  results  is  a  poorly  defined  object. 


Figure  6.2:  Temporal  averaging  of  the  scene  (see  text) 


An  averaging  scheme  that  takes  into  account  the 
movement  of  the  target  fails  because  the  image  of  the 
object  changes  its  shape. 

To  detect  the  target,  independent  of  its  movement,  an 
algorithm  has  been  developed  at  FGAN-FfO  [Jantz] 
which  uses  bispectrum  analysis. 

The  bispectrum  is  the  Fourier  transform  of  the  triple 
correlation,  sometimes  also  referred  to  as  triple  product 
integral.  Bispectrum  analysis  has  the  advantage  that 
information  about  both,  modulus  and  phase  of  the 
Fourier  transform  of  the  signal  is  retained. 

The  autotriple  correlation  TO)(x],x2)  of  a  function  T(x) 
can  be  interpreted  as  a  higher  dimensional  generalization 
of  the  common  correlation  operation.: 

T^(x,  ,x2)=  |  T(x)T(x  +  X[  )T(x  +  x2  )dx.  (6.1) 

Its  Fourier  transform  is  called  the  bispectrum 
T'(3)(u1,u2): 

T'(3)  =  T'(u,,u2)T'(u1)r'(-ul-u2).  (6.2) 

Our  method  for  recovery  from  bispectra  is  based  on  a 
technique  by  Bartelt  et  al.  [Bart].  But  whereas  they  used 
one-dimensional  (1-D)  signals,  our  algorithm  includes 
2-D  signals  (  note  that  the  triple  correlation  and  the 
bispectrum  of  a  2-D  function  are  4-D  functions). 

Figure  6.3  shows  the  signal  recovered  from  bispectrum 
data.  The  bispectra  of  each  third  picture  of  the  scene 
mentioned  above  were  taken.  These  49  bispetra  were 
then  averaged.  Now  both  engines  of  the  aircraft  can  be 
clearly  separated. 


Figure  6.3:  Averaging  of  bispectra  (see  text) 


The  algorithm  includes  a  filtering  method  taking  into 
account  atmospherical  noise. 

In  the  near  future  this  algorithm  will  be  modified  by 
including  meteorological  data  and  performance 
parameters  from  the  thermal  imager. 

7.  Conclusions  and  Recommendations  for  Future 
Work 

In  this  paper  we  presented  the  initial  results  of  the 
analysis  performed  by  the  FGAN-FfO  with  respect  to 
point  target  characterization  in  a  coastal  environment. 
IR-images  taken  in  the  two  wavebands  (3  -  5  pm  and  8  - 
12  pm)  of  a  DUWIR  camera  were  examined. 

Two  weather  situations  were  selected:  clear  weather  and 
heavy  sea  fog.  Even  though  the  visibility  was  sometimes 
very  low,  the  transmission  in  both  IR-wavebands  was 
quite  good.  The  LWIR  provided  higher  target-to- 
background  contrast  than  the  MWIR  band. 

Most  of  the  results  reported  here  were  drawn  from  the 
images  in  the  8  -  12  pm  waveband.  Future  work  will 
concentrate  on  a  comparison  of  both  wavebands. 

In  addition,  we  will  treat  a  greater  variety  of  weather 
situations.  The  influence  of  meteorological  parameters 
and  aerosol  size  distribution  profiles  on  the  spatial  and 
temporal  behaviour  of  fixed  and  moving  targets  will  be 
analyzed. 

The  problem  of  resolving  multiple  targets  at  long 
distances  will  also  be  further  analyzed  by  using  different 
IRST  algorithms.  Of  particular  interest  to  this  analysis  is 
the  point  where  a  single  target  can  be  resolved  into  two 
targets. 
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1.  SUMMARY 

This  paper  presents  some  results  obtained  by  Canada's  Defence 
Research  Establishment  Valcartier  (DREV)  during  the  Marine 
Aerosol  Properties  and  Thermal  Imager  Performance  (MAPTIP) 
trial  off  the  North  Sea  coast  of  The  Netherlands  during  October 
1993.  Our  study  of  refraction  effects  in  the  Marine  Boundary 
Layer  (MBL)  in  both  the  visible  and  infrared  (IR)  wavelength 
bands  produced  a  large  quantity  of  excellent  experimental  data. 
Along  with  data  obtained  from  previous  campaigns1,2  in  both 
Canada  and  Germany,  this  data  set  is  being  used  to  test  the 
validity  of  the  WKD3  and  the  Wavy  WKD  (WWKD)4  models 
developed  by  DREV.  These  early  results  from  the  recent  MAPTIP 
trial  have  shown  that  in  general  the  predictions  of  the  WWKD 
model  agree  remarkably  well  with  the  experimental  data. 

2.  INTRODUCTION 

Due  to  the  electromagnetic  nature  of  many  sensors  and  probes 
used  by  today's  military,  the  propagation  of  electromagnetic 
radiation  through  the  atmosphere  is  a  question  of  extreme 
importance  and  relevance.  A  non-refractive  atmosphere  is  one 
in  which  the  refractive  index  is  invariant  with  position  or  in  which 
all  radiation  follows  straight  lines.  However,  the  refractive  index 
of  the  atmosphere  depends  upon  position  dependent  quantities 
such  as  pressure,  temperature  and  water  vapour  content  and  as 
a  result  radiation  will  generally  follow  a  curved  path.  In  other 
words,  the  apparent  elevation  angle  of  an  object  to  an  observer 
will  not  be  that  defined  by  the  straight  line  between  them  but  by 
the  tangent,  at  the  observer,  of  the  curved  path  between  them  (see 
Fig.  1).  Close  to  the  earth,  this  leads  to  two  important 
atmospheric  phenomena  (Fig.  2  &  3).  The  first  is  called 


Figure  1  -  The  dashed  lines  show  rays  for  a  non-refractive 
and  refractive  atmosphere.  e°  and  e  are  their  respective 
elevation  angles. 


sub-refraction  and  in  certain  cases  leads  to  the  creation  of  a 
mirage.  This  occurs  when  electromagnetic  radiation  from  an 
object  appears  to  an  observer  as  if  it  is  coming  from  two  different 
objects  at  different  elevations  (Fig.  2).  The  second  is  commonly 
called  ducting  (super-refraction)  and  occurs  when  electromagnetic 


radiation  from  an  object,  which  would  not  be  observable  in  a 
non-refractive  atmosphere,  is  nevertheless  detectable  by  an  observer 
(Fig.  3).  The  amount  and  direction  (towards  or  away  from  the 
earth)  by  which  radiation  is  deviated  from  a  straight  line  depends 


Figure  2  -  Two  images  of  the  source  are  seen  at  two  elevation 
angles.  L„0  and  eh°  are  the  horizon  distance  and  angle. 


upon  both  the  meteorological  conditions  of  the  atmosphere  and 
the  wavelength  of  the  radiation.  In  the  marine  environment,  where 
the  only  obstructions  are  due  to  the  waves,  this  leads  to  the  fact 
that  under  some  conditions  the  distance  to  the  horizon  may  be 
shortened  while  under  other  conditions  it  may  be  lengthened. 
In  either  case,  the  maximum  detection  range  (MDR)  at  which  an 
object  can  be  observed  and  its  measured  elevation  angle  are 
different  from  what  one  would  expect  if  the  atmosphere  was 
non-refractive.  The  maximum  intervisibility  range  (MIVR)  can 
be  determined  under  sub-refractive  or  near  neutral  conditions  if 
the  range  is  not  limited  by  the  visibility  conditions  of  the 
atmosphere. 


Figure  3  -  An  image  of  the  source  is  seen  when  it  is  below 
the  normal  horizon,  e,  is  the  elevation  angle. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “ Propagation  Assessment  in 
Coastal  Environments"  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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3.  ATMOSPHERIC  REFRACTION 

The  bending  of  electromagnetic  waves  by  the  atmosphere  is  due 
to  vertical  and  horizontal  gradients  in  the  atmosphere's  refractive 
index.  These  gradients  are  caused  by  variations  in  atmospheric 
parameters  such  as  the  total  atmospheric  pressure,  the  air 
temperature,  and  the  partial  pressure  of  the  atmosphere's  various 
gases.  The  most  important  of  these  gases  is  water  vapour  due 
to  its  often  substantial  variation  with  height.  In  fact,  as  all  these 
parameters  vaty  principally  with  height,  the  atmosphere's  index 
of  refraction,  to  first  order,  can  be  expressed  as  a  function  of 
height.  Available  information5  on  the  refractive  index  of  air  for 
the  dry  air  contribution  and  the  water  vapour  contribution  to  the 
index  of  refraction,  allows  the  index  of  refraction,  n,  as  a  function 
of  both  height  (h)  and  wavelength  (A)  to  be  expressed  by: 

n(A,h)  =  1  +  R(A,h)  x  10*  (la) 

where 

R(A,h)  =  A(A)[P(h>Vp(h)]/T(h)  +  B(A,T)Vp(h)/T(h)  (lb) 
and  R  is  the  refractivity .  The  atmospheric  pressure,  P  (millibars), 
the  air  temperature,  T  (°K),  and  the  water  vapour  pressure,  Vp 
(millibars),  are  all  functions  of  the  height.  A (A)  is  a  coefficient 
given  by  Edlen6  for  the  dry  air  contribution  and  B(A,T)  is  the 
coefficient  for  the  water  vapour  contribution5.  As  discussed  by 
Beaulieu4,  the  coefficients  A  and  B  for  the  3  to  5  pm  band 
(mid-infrared)  and  the  8  to  12  pm  band  (far-infrared)  can  be 
approximated  with  constants.  Using  the  same  arguments  for  the 
visible  band  (0.5  to  1.0  pm)  and  the  near-infrared  band  (1  to  3 
pm),  the  following  coefficients  (see  Table  1)  can  be  obtained  for 
the  four  bands. 


Table  I:  Coefficients 


Wavelenath  Band 

Ranae  (urn) 

.A. 

_B_ 

Visible 

.5  -  1 

78.5 

67.0 

Near-infrared 

1  -3 

77.7 

65.5 

Mid-Infrared 

3-5 

77.5 

65.0 

Far-Infrared 

8  -  12 

77.5 

40.0 

The  gradient  of  Equation  1  with  respect  to  height  is  given  by: 

n'(A,h)  =  dn/dh  =  R'(A,h)  x  10*  (2a) 

where 

R’(A,h)  =  [AP'(h)  +  (B  -  A)V'p(h)  -  R(A,h)T'(h)]/T(h).  (2b) 
As  a  typical  value  for  R  in  both  the  visible  and  infrared  bands 
is  about  300,  Equation  2b  implies  that  in  order  for  the  terms 
involving  the  atmospheric  pressure  gradient  and  the  water  vapour 
pressure  gradient  to  be  the  same  order  of  magnitude  as  the  term 
containing  the  temperature  gradient,  their  gradients  must  be  ap¬ 
proximately  4  and  15  times  greater,  respectively.  From  the 
hydrostatic  equation6,  the  atmospheric  pressure  gradient  and  the 
water  vapour  pressure  gradient  are  approximately  equal  to 
-1  mbar/10  m.  Thus,  depending  on  the  value  of  the  temperature 
gradient,  one  of  the  two  following  approximations  can  often  be 
made. 

R'(Ah)  =  -R(A,h)T'(h)/T(h)  ;P'  «  T'  &  P'  =  Vp'  (3a) 

=  BP'(h)/T(h)  ;  T'  «  P'  &  P'  *  Vp'  (3b) 

From  these  relationships,  a  very  good  indication  as  to  whether 
a  given  weather  situation  will  produce  sub-refractive  or 
super-refractive  effects  can  be  made  simply  by  measuring  the 
air- sea  temperature  difference  (A  STD).  An  ASTD  greater  than 
zero  (T'(h)  >  0)  implying  that  the  atmosphere  is  super-refractive 
(ducting)  and  an  ASTD  less  than  zero  (T'(h)  <  0)  implying  that 


the  atmosphere  is  sub-refractive  (mirage)  atmosphere.  For  an  ASTD 
close  to  zero,  for  which  the  conditions  in  Equation  3a  are  not 
satisfied,  Equation  3b  implies  that  the  atmosphere  should  be  slightly 
super-refractive  since  both  P'(h)  and  Vp'(h)  are  normally  negative. 

To  model  refractivity  effects  in  the  atmosphere  using  Equation  1 , 
a  method  is  required  to  deteimine  the  vertical  profiles  of  air 
temperature,  water  vapour  pressure  and  total  air  pressure.  The 
first  two  are  particularly  important.  As  it  is  not  generally  practical 
to  measure  these  parameters  at  a  large  number  of  points  for  the 
first  tens  of  meters  of  the  atmosphere  (boundary  layer),  profiles 
generated  using  similarity  theory7,8  are  often  used.  At  DREV  we 
have  been  using  our  own  WKD  Marine  Boundary  Layer  model 
(MBL)3,4  which  requires  measurements  of  the  water  temperature, 
the  wind  speed,  the  air  temperature,  water  vapour  pressure  (or 
relative  humidity)  and  total  air  pressure.  The  last  three  should 
be  measured  at  the  same  height  above  the  water  level.  Once  these 
profiles  are  generated,  they  can  be  used  in  Equation  1  to  determine 
the  refractivity  profile  which  can  be  used  by  a  ray  tracing  program 
to  generate  theoretical  predictions. 

4.  EXPERIMENTAL  METHODS 

The  experimental  methods  that  were  used  during  the  MAPTIP 
trial  were  variations  of  two  simple  techniques  that  we  have 
previously  used1,2  (Fig.  4).  At  one  end  of  a  range,  henceforth 
to  be  called  the  BASE,  several  observation  devices,  for  example 


Figure  4  -  Two  radiation  sources  are  placed  with  a  vertical 
separation,  Ah,  at  a  distance,  L,  from  the  observer.  The 
observer  measures  the  angle  Ae. 


camera  systems  in  the  IR  and  visible,  are  placed  at  known  heights 
above  the  mean  water  level  (MWL).  At  the  other  end  of  the  range, 
henceforth  to  be  called  the  PLATFORM,  several  radiation  sources 
are  placed  at  different  known  heights  above  the  MWL.  One  of 
the  sources  should  be  placed  as  high  as  possible  to  serve  as  a 
reference.  In  this  way,  refractive  effects  can  be  studied  using 
one  of  two  previously  discussed  techniques2.  If  the  range  is  kept 
constant,  one  can  study  the  effect  of  varying  the  height  of  the 
observers  or  the  sources  (Height  Scan).  This  technique  is  excellent 
for  comparing  the  measured  angular  separation  (Ae)  between  images 
and  the  angular  separations  expected  for  a  non -refractive  atmosphere 
(Ae°)  or  the  angular  separations  predicted  by  theory.  On  the  other 
hand,  the  elevations  of  the  sources  and  observers  can  be  kept  fixed 
while  the  range  between  the  BASE  and  the  PLATFORM  is 
continuously  varied  (Range  Scan).  This  technique  is  an  excellent 
method  for  measuring  the  maximum  intervisibility  range  (MIVR), 
as  the  range  at  which  a  source  at  a  given  height  disappears  below 
the  horizon  can  easily  be  compared  with  that  expected  for  a 
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non-refractive  atmosphere  or  that  predicted  by  a  theoretical  model. 
4.1  Non-refractive  Atmosphere 

For  a  non-refractive  atmosphere,  Ae°  depends  on  the  range,  the 
height  of  the  observer  at  the  BASE  (h0)  and  the  heights  of  the 
two  sources  at  the  PLATFORM  (h,,  h2)  above  the  MWL  such 
that 

Ae°  =  e°,  -  e°2  *  Ah/L  if  L,  h0,  h,  &  h2  «  Re  (4a) 

where 

£°„  =  tan_1[(R„cos(L/Re)  -  Ro)/(R„sin(L/Re))]  =  (h„  -  h0)/L,  (4b) 
and 

K  =  Re  +  h„  (n  -  0,1,2)  (4c) 

where  Rc  is  the  earth's  radius.  Two  other  quantities  of  interest, 
are  the  distance  to  the  horizon  in  a  non-refractive  atmosphere  (Lh°) 
and  its  elevation  angle  (eh°).  They  are  given  by 

eh°  =  cos-'KR,  +  hw)/R0]  -  [2(h0  -  hJ/RJ,fl  ;  hw<h0«Rc  (5  a) 
and 

4°  =  Re  x  eh°  =  [2(h0  -  hw)  x  RJ1'2  ;  hw<h0«Re,  (5b) 

respectively  with  hw  being  the  amplitude  of  the  waves.  This 
means  that  for  a  non-refractive  atmosphere  the  minimum 
observable  height,  h°min,  for  an  object  at  a  range,  L  >  L„0  is 

h°mn  -  h0cos(£h>R,[cos(ehQ>cos((L-Lh°)/R,)1  , 

cos((L-Lh°)/R=)  } 

«  h0  +  L(L  -  2Lh)/2Re  ;  L  «  Re  (6b) 

Thus  the  MIVR  for  a  source  at  a  height,  h,  in  a  non-refractive 
atmosphere  can  be  approximated  by 

MIVR  =  L  -  L„0  +  [2Rc(h  -  hw)]l/2.  (7) 

5.  EXPERIMENTAL  SETUP 

The  work  plan  for  the  MAPTIP  trial9  mentions  in  great  detail  the 
general  setup  of  the  experiment.  Consequently,  only  the  setup 
used  by  Canada  at  the  beach  station  (WPB),  on  the  meteorological 
station  (MPN),  and  on  the  Hr.  Ms.  Tydeman  will  be  discussed. 
Figure  5  shows  the  principal  waypoints  and  the  positions  of  the 
MPN  and  the  beach  station.  The  MPN  is  about  10.4  km  from 
the  beach  station  and  the  principal  tracks  of  the  Tydeman  are 
marked  by  the  solid  lines.  These  lines  join  waypoints  WPB  and 
WPG  and  waypoints  MPN  and  WPC.  Most  of  our  measurements 
were  taken  during  the  WPB  to  WPG  track. 
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Figure  5  -  Positions  of  the  various  platforms  and  waypoints 
used  during  the  MAPTIP  trial. 


5.1  Katwijk  Beach  Station 

A  schematic  of  our  setup  at  the  beach  station  is  shown  in  Fig.  6. 
Three  camera  systems,  two  working  in  the  visible  band  and  the 
other  in  the  3  to  5  micron  IR  band  were  used.  Table  2  summarizes 
the  operating  characteristics  of  each.  The  VIS  1  camera  system 


Figure  6  -  Schematic  diagram  of  the  setup  at  the  beach 
station. 


consisted  of  a  CCD  camera  with  a  cuton  filter  at  850  nm  and  a 
2.0  m  f/ 10  telescope  with  a  resolving  power  of  6  prad  at  1  p. 
The  VIS  2  camera  system  used  an  identical  camera  with  a  cuton 
filter  at  71 5  nm  and  a  1.3  m£/ 14  telescope  with  a  resolving  power 
of  13  jirad  at  1  p.  The  IR  camera  system  consisted  of  a  PtSi 
detector  sensitive  to  the  mid-IR  band  (3-5  p)  and  a  2.0  m  1710 
telescope  with  a  resolving  power  of  24  prad  at  4  p.  To  use  the 
Celestron  telescope  in  the  mid-IR,  its  corrector  plate  was  removed. 
As  the  VIS  2  system  was  very  portable,  it  was  operated  from  a 
position  on  the  beach  and  occasionally  from  both  the  balcony 
and  the  road.  The  less  portable  (VIS  1)  and  IR  cameras  were 
always  operated  from  the  first  floor  and  almost  always  at  the  same 
height  above  the  MWL. 

The  video  outputs  of  the  three  camera  systems  had  time-codes 
added  to  their  signals  and  they  were  recorded  for  later  study  onto 
SVHS  tape  in  NTSC  format.  Further  analysis  is  done  using  a 
640(H)  x  480(V)  square  pixel  framegrabber  using  software 
developed  atDREV.  The  pixel  resolution  for  each  of  the  camera 
systems  is  given  in  Table  2. 


Table  2:  Camera  System  Specifications 


VIS  1 

VIS  ? 

IR 

Camera 

Make 

Sony 

Sony 

Mitsubishi 

Model 

AVC-D5 

AVC-D5 

5120A 

Detector(HxV)  CCD  51 0X492  CCD  51 0x492 

PtSi  512x512 

Wavelength(pm) 

>  0.850 

>0.715 

3.3  -  5.0 

Telescope 

Make 

Celestron 

Questar 

Celestron* 

Focal  Length(m) 

2.032 

1.300 

2.032 

f  number 

f/10 

f/14 

f/10 

Res.  power(prad) 

6  @  Ip 

13  @  Ip 

24  @  4p 

Framegrabber 

Resolution(prad/pix) 

6.66 

9.19 

7.1 

*  Corrector  plate  removed. 
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5.2  Hr.  Ms.  Tydeman 

The  Hr.  Ms.  Tydeman  (Fig.  7)  is  a  Dutch  navy  research  vessel 
that  has  a  length  of  90  m  long  and  a  width  of  14.5  m  and  has 
a  top  cruising  speed  of  15  knots  (28  km/hr).  Figure  7  shows  a 
rear  view  of  the  Tydeman  with  the  measured  locations  of  seven 
lamps.  Of  the  two  lamps  close  together  in  the  middle,  only  one 
of  them  was  used  at  a  time.  The  lamp  to  the  right  was  a  500  W 
halogen  lamp  provided  by  DREV  while  the  lamp  on  the  left  was 
a  small  white  navigation  light.  It  was  used  during  the  morning 
of  Oct.  27  while  our  light,  which  had  burnt  out,  was  being 
replaced.  The  remaining  lights  were  all  500  W  halogen  provided 
by  the  Tydeman.  Of  these  lights,  the  four  lowest  lights  were 
simply  reoriented  so  that  they  were  horizontally  level  and  facing 
straight  off  the  ship's  stem.  The  remaining  light  was  specially 
mounted,  with  the  Captain's  permission,  in  the  crow's  nest.  With 
this  setup,  we  were  able  to  track  the  ship  on  its  outward  legs  and 
determine  the  MIVR  of  each  lamp  for  each  of  the  three  camera 
systems. 


Figure  7  -  Schematic  diagram  of  the  setup  on  the  Hr.  Ms. 
Tydeman. 


5.3  Meetpost  Noordwijk  (MPN) 

The  MPN  (Fig.  8)  is  a  platform  sitting  in  about  20  m  of  water 
about  8  km  off  the  Dutch  coast  near  the  town  of  Noordwijk  and 
about  10.4  km  from  the  beach  station.  Its  steel  superstructure 
is  25x16x7  m  and  sits  about  12  m  above  the  MWL.  Figure  8 
is  a  schematic  of  the  platform's  south  side  and  shows  the  locations 
of  the  eight  500  W  1 10  V  halogen  lamps  that  we  mounted  to  its 
structure.  To  use  the  220  V  power  supplied  by  the  platform,  the 
lamps  were  run  in  four  matched  sets  of  two  and  were  positioned 
from  3.5  m  to  20  m  above  the  MWL.  They  were  horizontally 


spaced  about  1  m  apart  so  as  to  minimize  any  possible  overlap 
of  the  images  when  seen  by  the  three  camera  systems  and  to 
facilitate  later  image  analysis.  At  the  beginning  of  the  trial  (Oct. 
18)  only  four  of  the  lamps  were  in  operation.  The  highest  two 
lamps  were  brought  into  service  on  Oct.  19  and  the  two  lowest 
lamps  by  1300  GMT  on  the  same  day.  All  eight  lamps  remained 
in  operation  until  Oct.  29  when  Canada  ended  its  participation 
in  the  MAPTIP  trials. 


6.  RESULTS 

The  following  section  shows  several  examples  of  some  early  results 
that  we  have  investigated.  Two  examples  are  shown  for  the 
observations  obtained  while  tracking  the  ship  and  a  single  case 
for  observations  obtained  while  watching  the  MPN.  For  the  WWKD 
model  calculations,  the  largest  uncertainty  involved  the  air 
temperature,  as  readings  from  different  sites  and  sensors  were 
not  always  consistent.  As  a  result  a  somewhat  best  guess  has 
been  used. 

6.1  Measurements  of  the  Tydeman 

Figures  9  and  10  show  both  the  measurements  and  the  WWKD 
model  prediction  for  two  different  ship  tracking  sessions.  The 
figures  show  the  geometrical  horizon  limit  (dashed  line),  the 
WWKD  model  calculated  horizon  limit  (thick  solid  line),  and  the 
WWKD  model  predicted  range  at  which  mirages  should  first  fotm 
(solid  line).  For  figure  9,  this  means  that  for  a  target  at  a  height 
of  10  m  that  is  moving  away  from  an  observer,  the  observer  will 
suddenly  see  two  images  of  the  target  (a  mirage)  at  a  distance 
of  about  10.6  km.  As  the  range  increases,  these  two  images  will 
gradually  approach  cne  another,  fuse  together ,  and  finally  disappear 
from  view  at  a  refraction-shortened  horizon  of  16.1  km.  This 
is  5  km  closer  than  the  calculated  distance  to  the  geometrical 
horizon  of  21  km. 

Figure  9  corresponds  to  the  morning  track  on  Oct.  19.  During 
the  track,  the  ASTD  was  relatively  large  (— 7°C)  and  the  wind 

was  from  the  east  and  relatively  light  at -3  m/s.  The  wave  heights 
were  about  30  cm,  the  sky  was  clear,  and  the  relative  humidity 
was  about  80%.  The  plotted  data  was  obtained  for  both  the  IR 
and  VIS  1  sensors  at  a  nominal  height  of  7.5  m  above  the  MWL. 
As  can  be  seen  the  measured  data  for  both  sensors  (IR:  *  and 
VIS  1:  ■)  compares  very  well  to  the  model  predicted  distance 
to  the  horizon  limit.  The  model  prediction  for  the  earliest  formation 
of  a  mirage  is  also  quite  good  for  the  VIS  1  camera,  but  there 
is  a  definite  problem  with  the  IR  camera  results.  This  may  be 
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19,  1993. 


Oct.  22,  1993. 


due  to  the  reduced  sensitivity  of  the  IR  system  compared  to  the 
visible  systems  such  that  the  onset  of  the  initially  weak  mirage 
was  not  observed  until  the  ship  was  at  a  greater  range  and  the 
mirage  was  more  intense. 

Figure  10  corresponds  to  the  afternoon  track  on  Oct.  22.  During 
the  track,  the  ASTD  was  ~-3°C  and  the  wind  was  from  the  northeast 
and  relatively  strong  at  -13  m/s.  The  wave  heights  were  about 
100  cm,  the  sky  was  partly  clear,  and  the  relative  humidity  was 
about  72%.  The  plotted  data  shows  results  obtained  with  the  VIS  2 
sensor  at  a  nominal  height  of  8.0  m  above  the  MWL.  As  can 
be  seen,  the  measured  data  (■  and  x)  agree  quite  well  with  the 
two  range  limits  predicted  by  the  model. 

The  good  agreements  between  the  MIVR  measurements  and  the 
WWKD  model  calculations  are  quite  representative  of  all  the  results 
obtained  from  tracks  of  the  ship  during  MAPTIP.  In  most  cases, 
the  difference  is  less  than  500  m.  This  is  quite  reasonable  as  the 
uncertainty  in  the  measured  range  is  about  200  m.  This  uncertainty 
is  largely  due  to  the  subjective  nature  of  determining  at  what  time 
(and  range)  one  has  begun  to  see  a  mirage  or  has  lost  sight  of 
an  image  because  it  has  gone  beyond  the  horizon.  The  difficulty 
lies  in  the  fact  that  the  ship  was  often  bouncing  up  and  down  in 
the  waves  by  several  meters  such  that  for  a  source  at  a  height 
of  10  m,  Fig.  9  shows  that  a  variation  in  height  of  1  m  could 
leadto  a  variation  in  the  predicted  horizon  limit  of  600  m. 

6.2  Measurements  of  MPN 

In  most  cases  studied,  the  measurements  taken  are  in  rather  good 
agreement  with  the  WWKD  model  predictions.  In  fact  the  variation 
between  the  two  is  often  less  than  10  prad  which  corresponds 
closely  to  the  resolution  power  of  the  camera  systems  (see  Table  2). 
Figure  11  is  an  example  of  one  of  the  exceptions.  It  shows  the 
results  of  a  measurement  taken  with  the  VIS  1  camera  at 
1 1 :06  GMT  on  Oct.  28, 1993.  On  this  day  the  wave  heights  were 
50  cm,  the  ASTD  was  ~-3°C,  the  wind  was  from  the  east  (-80°) 
at  about  6  m/s,  the  relative  humidity  was  -77%,  and  the  sky  was 
partly  cloudy.  The  graph  plots  the  relative  observation  angle  of 
each  recorded  image  with  respect  to  the  topmost  light  (light  #8) 
against  the  relative  height  of  each  light  source  with  respect  to 
light  #8.  The  graph  shows  the  measured  values  (■)  along  with 
three  curves  generated  using  the  WWKD  model  with  three  different 
ASTDs.  From  the  graph  it  is  obvious  that  the  best  fits  are  given 
for  an  ASTD  of  -3.5°C  or  -4°C  and  that  the  fit  is  not  very  good 
for  an  ASTD  of  -2.5°C.  These  discrepancies  are  thought  to  be 
principally  due  to  horizontal  inhomogeneities  in  the  marine 


Haight  Relative  to  Light  fB  (m) 


Figure  11  -  Results  from  an  observation  of  the  MPN  platform 
at  1 1 :06  GMT  on  Oct.  28,  1993. 
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boundary  layer  of  the  atmosphere  along  the  direction  of 
observation. 

7.  CONCLUSIONS 

The  MAPTIP  trials,  which  were  held  in  The  Netherlands  during 
Oct.  of  1993,  were  very  successful  and  have  provided  us  with 
a  large  quantity  of  excellent  data  about  refraction  effects. 
Significant  refraction  effects  were  observed  under  conditions  with 
ASTDs  from  0°C  to  -7°C  along  with  wind  speeds  ranging  from 
3  to  15  m/s.  The  results  taken  from  the  measurements  obtained 
from  both  the  Hr  Ms.  Tydeman  and  the  MPN  platform  are  very 
encouraging  and  give  results  are  in  satisfactory  agreement  with 
the  predictions  of  the  WWKD  model  in  both  the  mid-infrared 
and  visible.  The  discrepancies  between  the  model  predictions 
and  the  measurements  are  thought,  in  large  part,  to  be  due  to 
inhomogeneities  in  the  marine  boundary  layer  because  of  coastal 
effects.  This  is  particularly  true  when  the  wind  comes  from  the 
land  as  is  the  case  with  the  data  given  in  both  Fig.  9  and  Fig.  1 1 . 

In  the  following  year  we  need  to  produce  a  more  refined  weather 
summary  for  the  relevant  experimental  time  periods.  This  is 
required  so  that  the  reasons  put  forward  for  the  differences 
between  the  model  predictions  and  the  results  can  be  more 
rigorously  investigated  and  so  that  the  degree  of  agreement  can 
be  more  quantitatively  measured. 
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DISCUSSION 


J.  CLAVERIE 

Vous  montrez  une  situation  ou  ASTD  =  -2,5°C  avec  un  vent  de  terre  ce  qui  conduit  a  un 
disaccord  avec  les  observations,  que  vous  expliquez  par  des  inhomogeneites  horizontales.  De 
telles  valeurs  d’ASTD  avec  d’autres  conditions  de  vent  ont-elles  ete  observers  et  ont-elles 
conduit  a  une  meilleure  adequation  entre  la  modelisation  et  les  mesures? 

You  showed  a  case  for  ASTD =-2.5  °C  with  wind  from  the  land  leading  to  a  disagreement 
between  observations  and  predictions  that  you  explained  as  due  to  horizontal  inhomogeneities. 
Were  similar  ASTDs  observed  under  different  wind  conditions  and  did  these  conditions  lead 
to  better  agreements  between  obsetyations  and  model  predictions? 

AUTHOR’S  REPLY 

De  bonnes  predictions  (i.e.  de  l’ordre  de  la  resolution  des  mesures)  ont  ete  obtenues  pour 
une  grande  gamme  d’ASTD  et  de  vitesse  de  vent  lorsque  le  vent  ne  venait  pas  directement 
de  la  terre. 

Very  good  agreements  were  obtained  (i.e.  discrepancies  within  measurement  resolution)  under 
a  large  diversity  of  ASTD  and  wind  speed  conditions  when  the  wind  did  not  blow  directly 
from  land. 

R.  PAULUS 

The  ray  trace  diagram  that  you  showed  did  not  trace  rays  reflected  off  the  sea  surface.  If 
these  rays  were  traced,  they  would  indicate  that  you  would  observe  a  reflected  image  at 
ranges  shorter  than  the  mirage  range.  Have  you  observed  a  reflected  image? 

AUTHOR’S  REPLY 

No  clear  and  persistent  reflections  have  been  observed  in  our  data  set  so  far  at  mirage  ranges 
or  at  closer  ranges.  To  my  knowledge,  reflections  of  such  sources  are  unlikely  against  a  non¬ 
flat  mirror  sea  surface. 
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SUMMARY 

The  Naval  Postgraduate  School  (NPS)  and  the  TNO 
Physics  and  Electronics  Laboratory  (TNO-FEL)  deployed 
in  situ  sensors  near  and  on  Meetpost  Noordwijk  (MPN) 
during  MAPTIP  to  describe  the  surface  layer  processes  and 
also  to  evaluate  models  for  near-surface  aerosol  profiles. 
Vertical  profiles  of  aerosol  counts  were  measured  on  the 
MPN  tower  by  TNO-FEL  with  Rotorod  impaction 
samplers.  The  aerosol  distribution  measurements  were 
made  for  10  radius  bins,  with  centered  radii  ranging  from 
6.5  to  75  pm.  Atmospheric  surface-layer  turbulence  and 
stratification  were  measured  by  NPS  from  an  instrumented 
buoy  that  was  located  a  short  distance  from  MPN.  Existing 
models  relate  aerosol  profiles  to  source,  sink,  and  turbulent 
transport  processes.  The  assumed  source  process  is 
bursting  air  bubbles  at  the  surface.  The  removal  processes 
are  turbulent  deposition  and  gravitational  fallout.  Turbulent 
transport  is  described  by  the  friction  velocity  and  the  near¬ 
surface  stratification.  The  combined  buoy  and  MPN  data 
sets  are  shown  to  provide  valuable  descriptions  of  surface 
layer  properties  during  the  variable  period  from  26  October 
through  3  November.  Results  from  eleven  profile  sampling 
periods  were  compared  with  model  predictions  for  which 
buoy  measured  parameters  and  aerosol  sizes  were  inputs. 
The  predicted  concentration  often  decreased  more  with 
height  than  observed.  This  is  believed  due  to  the  coastal 
input  to  the  aerosol  source  since  advected  aerosol  would 
reduce  influences  on  gradient  of  bubble  production  at  the 
surface. 

1.  INTRODUCTION 

Describing  height  variations  of  aerosol  size  spectra  in  the 
surface  layer  is  important  to  both  understanding  thermal 
imaging  results  from  MAPTIP  and  to  understanding 
processes  important  in  modeling  of  aerosol,  in  general. 
Surface  layer  aerosol  properties  described  by  existing 
equilibrium  models,  i.e.  NOVAM  [1],  are  based  on 
empirical  data  and  can  be  assumed  to  apply  to  a  level  some 
distance  above  the  surface,  around  10  meters.  For  imaging 
of  targets  near  the  horizon,  some  knowledge  of  vertical 
gradients  are  necessary  to  take  into  account  a  path  that 
traverses  layers  extending  from  the  surface  and  up.  Models 
for  aerosol  in  the  marine  boundary  layer  are  based  on 
source/sink,  transport  (mixing),  and  chemistry 
characteristics.  Processes  affecting  aerosol  are  expected  to 
increase/decrease  from  the  boundary,  i.e.  in  the  vertical. 
Relative  humidity  will  decrease  from  the  ocean  surface 
which  is  also  the  source  of  bubble  produced  sea-salt 


aerosol.  It  is  also  the  sink  if  removal  is  by  gravitational 
fall-out  and  turbulent  deposition.  Turbulent  mixing  would 
diminish  the  strengths  of  the  gradients  produced  by  the 
surface's  dominant  role  in  the  processes.  However, 
accurate  measurement  of  aerosol  profiles  (gradients)  are  as 
appropriate  for  evaluation  of  model  performances  as  are 
aerosol  concentrations  themselves.  For  this  to  be  true,  the 
turbulent  processes  (mixing  and  deposition)  have  to  be 
accounted  for. 

We  will  describe  the  results  from  examinations  of  near¬ 
surface  aerosol  profiles  measured  during  MAPTIP  relative 
to  transport  and  removal  processes,  available  through 
measurement  or  calculated  from  the  data.  We  will  also 
present  atmospheric  surface  layer  properties,  as  measured 
from  MPN  and  the  NPS  buoy,  during  MAPTIP.  The  latter 
show  the  wide  range  of  wind  forcing  and  stability 
conditions  affecting  MAPTIP  and  important  to  all 
interpretations  of  the  collaborative  obtained  data  bases. 

An  expression  for  given  aerosol  radius  concentrations,  X;, 
at  two  different  heights,  Z„  where  i  =  1  and  2,  is  [2,3] 

Ln(X2/X!)  =  -[Vd/ku*]  [Ln(Z2/Zi)  -  T(Z2/L)  +  T(Zi/L)]  (1) 

u*  is  the  surface-layer  friction  velocity,  TfZ/L)  is  an 
empirically  formulated  scaling  expression,  e.g.  Businger  et 
al.  [4],  L  is  the  Monin-Obukhov  stability  length,  and  Vd  is 
a  removal  velocity  that  depends  on  turbulent  deposition 
and  gravitational  settling  [5],  By  convention,  Vd  is  positive 
if  the  aerosol  is  falling.  This  expression  was  formulated  by 
Toba  [6]  with  the  assumption  of  a  balance  between  surface 
production  and  removal,  no  horizontal  advection,  and 
constant  turbulent  vertical  transport.  Eqn  (1)  extends 
Toba's  formulation  to  include  non-neutral  stratification  but 
neglects  the  relative  humidity  influence  on  aerosol  size. 
The  latter  could  be  important  if  the  very  near-surface,  Z  < 
2  meters,  gradients  are  being  considered  or  if  relative 
humidity  is  close  to  100%. 

The  Eqn  (1)  predicted  gradient  depends  on  aerosol  size 
because  of  Vd  which  is  the  sum  of  gravitational  settling 
and  turbulent  deposition  velocities,  [5].  Gravitational 
settling  depends  on  aerosol  density  and  the  radius  squared, 
r2,  and  turbulent  deposition  depends  on  u*  as  well  as  the 
radius. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “ Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Gennany  19-22  September  1994. 
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Figure  1. 

NPS  surface-flux  buoy  being  deployed  NW  of  MPN,  top  of  mast  is 
5  m  above  water  line 


2.  NPS  BUOY  AND  SURFACE  LAYER 
CONDITIONS  DURING  MAPTIP 


2.1.  Buoy  Deployment  and  Turbulence  Calculations 

The  NPS  buoy,  Figure  1,  was  deployed  at  fixed  location 
approximately  560  meters  northwest  of  MPN,  Figure  2.  Its 
first  deployment  was  at  1500  UT  on  11  October.  At  that 
time,  continuous  mean  and  turbulent  wind  and  virtual 
temperature  measurements  were  made  with  a  sonic 
anemometer  (Solent)  mounted  atop  a  mast  5  meters  above 
the  water  surface.  Mean  wind  speed  and  direction 
measurements  were  also  made  with  a  propeller  and  vane 
(R.  M.  Young)  located  on  the  mast  4  meters  above  the 
water  surface.  Sea  temperature  was  measured  with  a 
thermistor  located  approximately  0.5  meters  below  the 
water  surface  but  yielded  unexplained  variations  from  the 
MPN  measured  values.  Also,  relative  humidity  and 
atmospheric  pressure  measurements  could  not  be  recorded, 
even  at  the  time  of  initial  deployment,  due  to  a  computer 
board  failure. 


At  about  1 130  UT  on  12  October,  less  than  24  hours  after 
initial  deployment,  a  severe  storm  occurred  and  combined 
wave  and  wind  effects  cased  the  buoy  sensors  and  inboard 
computer  system  to  be  damaged.  Even  though  it  was  a 
short  period,  and  not  within  the  MAPTIP  intensive 
observation  period  (MAPTIP-IOP),  examination  of  data 
collected  during  the  period  was  important  to  understanding 
the  buoy's  usefulness. 

The  buoy  was  redeployed  near  1300  UT,  26  October  with 
the  sonic  but  no  other  systems  working.  Data  not  available 
from  the  operating  buoy  systems  but  necessary  for 
estimating  Z/L,  i.e.  humidity  and  sea  temperature,  were 
available  from  MPN.  The  buoy  operated  successfully  until 
recovered  at  1000  UT  on  4  November,  and  provided  data 
for  12  of  18  of  the  aerosol  profile  sampling  periods. 

The  two  boundary  layer  parameters  necessary  to  describe 
the  aerosol  profile,  according  to  Eqn  (1),  are  the  friction 
velocity  u*  and  L.  Variance  spectra,  Su(f),  were  calculated 
from  sonic  anemometer  turbulent  wind  records  and  used  to 
calculate  u*  values  on  the  basis  of  the  inertial-dissipation 
method.  The  method's  value  for  shipboard  or  buoy 
application  is  that  it  is  based  on  the  high  frequency  portion 
of  the  spectrum  which  is  not  affected  by  wave-induced 
platform  motion.  The  method  was  that  used  previously 
with  the  buoy  system,  Skupniewicz  and  Davidson  [7],  The 
Monin-Obukhov  stability  length,  L,  necessary  for  the 
inertial  dissipation  method  as  well  as  in  Eqn.  (1),  was 
calculated  with  mean  wind,  temperature  and  humidity 
values. 


These  were  those  from  MPN  mounted  sensors  since,  as 
mentioned  previously,  buoy  relative  humidities  and 
eventually  both  air  and  sea  temperatures  were  not  available 
during  the  MAPTIP-IOP. 


The  MPN  (solid  lines)  wind  speeds  and  NPS  buoy  wind 
speeds  measured  by  a  propeller  anemometer  (dashed)  and 
the  sonic  anemometer  (dotted)  are  in  good  agreement  until 
storm  winds  occurred  after  0600  UT  on  12  October. 


Applications  of  surface  layer  similarity  flux-profile  The  NPS  (buoy)  sonic  anemometer  failed  at  approximately 

relationships  yield  [8]  the  following  inertial-dissipation  1020  UT  on  12  October,  when  the  winds  reached  a  speed 

based  relation  between  u*,  Z,  Z/L,  Su(f),  fund  U.  of  15  m/s.  Also,  at  that  time  the  NPS  propeller  winds 

become  lower  than  the  MPN  winds,  by  as  much  as  5  m/s, 
u*  =  [Su(f)f 5/3  /(aU2/3)]  [kZM>e(Z/L)]1/3  (2)  until  the  storm  subsided  at  about  1800  UT  12  October. 

This  may  have  been  caused  by  the  buoy  leaning  at  a  large 
U  was  the  sonic  measured  mean  wind  speed.  ®£  is  a  angle  because  of  high  storm  winds  which  resulted  in  the 

dimensionless  stability  function,  and  a  is  an  empirical  propeller  not  measuring  the  full  horizontal  wind  speed.  A 

constant.  Our  selections  for  the  function  and  constant  were  conclusion  reached  from  this  was  the  that  sonic 

those  described  by  Edson  et  al  [9]  and  formulated  on  the  anemometer  would  provide  accurate  mean  and  turbulent 

basis  of  MPN  tower  data.  Also  Z/L,  based  on  mean  MPN  wind  values  over  the  wide  speed  ranges  expected, 
data  with  a  bulk  method,  was  calculated  using  the  drag  ... 

coefficient  and  turbulent  heat  (sensible  and  latent)  Traces  in  Figure  3b  indicate  that  during  this  initial 

exchange  coefficients  described  by  Smith  et  al  [10]  which  deployment  period  the  buoy  (sonic  anemometer)  measured 

also  were  formulated  from  an  earlier  experiment  at  MPN.  air  temperature  had  a  bias,  near  1  °C  lower  than  the  MPN 

air  temperature,  after  both  were  scaled  to  the  10-meter 
Wind  speeds  from  MPN  and  the  buoy,  scaled  to  10  meter  height.  However,  the  buoy  air  temperature  tracked  the 

height,  and  bulk  and  inertial-dissipation  u*'s  for  the  period  MPN  temperature  extremely  well.  Since  the  buoy  bias  was 

11-12  October  period  are  shown  in  Figure  3.  The  quality  of  viewed  to  be  correctable  to  MPN  with  further  analyses  of 

the  sonic  measured  wind  speed  from  the  wave-influenced  the  sonic  transmitter/receiver  spacing,  we  believe  the  MPN 

buoy  platform  is  an  important  consideration  in  the  values  can  be  applied  to  the  buoy  location.  Examination  of 

evaluation  of  its  performance.  The  range  of  wind  speed  Figure  3b  reveals  that  the  MPN-buoy  sea  temperature 

encountered  during  the  initial  deployment  period  allowed  difference  was  variable,  with  the  buoy  sea  temperature 

an  excellent  evaluation  of  the  buoy  systems,  including  contributing  most  to  the  variability  and  being  between  1- 

mooring  procedures,  for  estimating  u*  via  the  inertial  1.5  °C  lower. 


Time  series  (10/11/00-10/13/00  UT,  1993)  of  buoy  and  MPN  measured  and  calculated  parameters,  a)  pressure  and  relative  humidity, 


b)  10-meter  wind  speed,  c)  air  and  sea  temperature,  d)  bulk  [10]  and  dissipation  u. 
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So  again,  it  was  decided  to  use  the  MPN  values  to 
represent  the  buoy  location.  A  conclusion  reached  on  the 
basis  of  comparisons  between  these  buoy  and  MPN  data 
was  that  MPN  mean  wind,  humidity,  and  air  and  sea 
temperature  values  were  sufficient  in  determining  stability, 
Z/L,  for  the  buoy  location. 

The  x's  in  Figure  3c  are  u*'s  calculated  with  the  inertial- 
dissipation  method  and,  of  course,  end  with  the  failure  of 
the  sonic  anemometer  at  1020  on  12  October.  The  solid 
line  in  Figure  3c  was  drawn  to  u*'s  calculated  with  mean 
MPN  data  using  the  bulk  formulations  based  on  previous 
MPN  data  [10].  For  9  hours  (11/21  to  12/06  UT),  buoy 
inertial-dissipation  u*  values  are  10-20%  higher  than  the 
bulk  friction  values  based  on  MPN  data.  However,  the  NPS 
friction  velocity  values  are  in  excellent  agreement  with  the 
bulk  values  during  the  storm  which  arrived  shortly  after 
0600  UT  12  October,  until  the  NPS  sonic  anemometer 
failed  at  1020  UT  12  October.  Further,  the  error  during  the 
preceding  9-hour  period  is  not  considered  serious  since  the 
bulk  formulation  used  does  not  take  into  account  wave-age 
influences  which  should  cause  u*  to  be  larger  during  a 
increasing  wind  speed. 

2.2  MAPTIP-IOP  Surface-Layer  conditions 

The  collaborative  MAPTIP  measurement  period  began  on 
19  October.  Significant  personnel  and  ship  efforts  were 
made  to  have  the  buoy  recovered,  to  have 
repairs/replacements  made,  and  to  have  it  redeployed.  This 
was  because  the  turbulence  data  were  considered  key 
parameters  for  descriptions  of  the  surface  layer  processes. 
Post-storm  evaluations  of  the  buoy  revealed  that  the  system 
could  be  repaired  to  collect  mean  and  turbulent  wind  and 
temperature  from  the  sonic  anemometer,  without  having  to 
wait  for  parts  to  arrive.  Hence,  to  avoid  further  delay,  the 
buoy  was  redeployed  near  0000  UT,  26  October  with  the 
sonic  but  no  other  sensor  systems  working.  Data  not 
available  from  the  buoy  but  necessary  for  Z/L  calculations 
were  available  from  MPN.  They  were  shown  to  be 
representative  for  the  buoy  location  in  above  discussions. 

The  buoy  operated  successfully  until  recovered  near  1000 
UT  on  4  November.  It  provided  data  for  7  of  12  of  the 
aerosol  profile  sampling  periods  with  acceptable  wind 
directions,  listed  in  Table  1 . 


There  were  a  total  of  18  aerosol  profile  sampling  periods 
but  6  of  these  occurred  with  wind  directions  that  were 
determined  to  be  too  influenced  by  MPN's  stmcture.  The 
Table  1  profile  period  list  is  sorted  according  to  wind 
direction.  Occurrences  of  positive  slopes,  X,  in  Eqn  (1) 
increasing  with  height,  are  marked  for  purposes  of  later 
discussions. 

Time  series  measured  at  both  buoy  and  MPN  for  the  26 
October  -  4  November  period  appear  in  Figure  4.  Symbols 
along  the  bottom  of  Figure  4  d  mark  times  with  aerosol 
profiles,  listed  in  Table  1.  Mean  parameters  from  both 
platforms  are  shown  in  the  time  series  because  Z/L  was 
estimated  from  MPN  winds,  temperatures  and  humidity 
and  because  u*  was  estimated  from  buoy  (sonic)  mean  and 
turbulent  winds. 

MPN  and  buoy  wind  speeds  and  air  temperatures  in  Figure 
4  were  all  scaled  to  a  10-meter  reference  height.  The  scaled 
buoy  wind  speeds  are  generally  within  (always  higher 
than)  1  m/s  of  MPN  wind  speeds.  The  two  platforms  are  in 
good  agreement  during  the  period  of  winds  less  than  5  m/s, 
from  about  10/30/1800  UT  to  about  11/03/1200  UT.  The 
buoy  air  temperatures  are  generally  within  1  °C  (always 
lower)  than  MPN's  until  about  10/28/1800  UT,  after  which 
they  agree  very  well.  We  believe  differences  between  the 
two  locations,  in  both  air  temperature  and  wind  speed, 
become  more  important  at  lower  wind  speeds  because  then 
the  differences  have  more  influence  on  Z/L,  an  important 
parameter  in  the  tested  model.  Fortunately,  the  platforms 
were  in  good  agreement  during  the  time  of  lower  wind 
speeds. 

As  was  the  case  for  the  first  deployment,  the  buoy  obtained 
inertial-dissipation  u*  values  are  often  higher  than  the  bulk 
u*  values,  calculated  with  MPN-based  exchange 
coefficients.  This  is  not  always  the  case  however,  the  buoy 
values  have  the  appearance  of  being  always  higher  because 
they  are  indicated  with  x's  and  the  bulk  values  being  are 
with  a  thin  line.  There  are  no  times  when  the  two  differ  by 
factors  of  two  which  occurs  when  storms  fronts  move 
through.  One  of  the  reasons  the  bulk  values  are  in  such 
apparent  agreement  is  that  the  applied  CDiqn  formulation 
was  from  MPN,  [10].  Such  agreement  in  these  results  will 
lead  us  to  confidently  use  MPN  bulk  u*  values  when 
aerosol  profiles  are  available  but  not  buoy  u*'s. 


Table  1.  MAPTIP  Profile  Periods 


date/time 

Wdir 

U 

RH 

Tair 

Tsea 

Radius  (|tm) 

8-21 

28-62 

mo/day/UT 

(°P) 

m/s 

% 

C 

C 

8 

H9 

16 

21 

28 

38 

— 

Tot 

Jim 

10/25/0705 

28 

9.3 

74 

10.6 

X 

X 

■ 

2 

0 

10/26/1712 

31 

5.9 

81 

9.8 

11.5 

X 

X 

X 

n 

3 

1 

10/26/0848 

37 

7.8 

12.1 

11.3 

X 

X 

9 

2 

0 

10/19/1346 

48 

2.1 

7.4 

13.5 

X 

X 

X 

X 

X 

7 

3 

10/27/1030 

52 

5.5 

9.5 

11.6 

9 

0 

0 

0 

10/24/0834 

53 

11.9 

65 

6.9 

11.7 

X 

X 

X 

X 

5 

4 

1 

10/24/1310 

54 

10.7 

65 

8.8 

11.7 

BOB 

X 

3 

2 

I 

10/22/1039 

61 

8.6 

76 

8.4 

12.4 

■9 

X 

X 

X 

X 

5 

4 

1 

10/30/1600 

65 

6.6 

95 

5.2 

11.3 

I 

X 

X 

mm 

3 

2 

1 

10/28/1611 

72 

5.5 

82 

8.7 

11.7 

I 

X 

X 

X 

1 

9 

5 

3 

2 

10/29/1328 

74 

6.5 

87 

7.7 

11.5 

n 

X 

El 

X 

X 

9 

5 

2 

3 

10/28/1121 

85 

6.2 

78 

9.4 

11.7 

m 

X 

9 

5 

3 

2 

Total  Positive 

7 

8 

8 

8 

6 

4 

5 

0 

46 

31 

15 

Total  Profiles 

12 

12 

12 

12 

12 

12 

9 

2 

83 

Percent  Positive  55% 
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Figure  4. 

Time  series  (10/26/00  -  10/04/00  UT,  1993)  of  buoy  and  MPN  measured  and  calculated  parameters,  a)  pressure  and  relative  humidity, 
b)  vector  wind  where  barbs  are  from  MPN,  c)  air  and  sea  temperature,  d)  bulk  [10]  and  dissipation  u*,  e)  Z/L  where  Z  =  10  m.  Symbols 
between  panels  b)  and  c)  mark  valid  aerosol  profile  sampling  periods. 

Time  series  in  Figure  4  show  the  wide  range  of  wind  and  enough  to  expect  active  surface  production.  Aerosol 

thermal  stratification  that  occurred  over  the  time  when  the  profiles  were  also  examined  for  the  times  in  the  preceding 

buoy  data  were  available.  This  range  was  cause  by  a  week  (19-25  October)  when  winds  were  E-NE  and  except 

synoptic-scale  cyclone  (low  pressure  center)  approaching  for  10/19  high  enough  for  surface  production,  Table  1.  Air 

MPN  most  of  the  period  with  passage  on  3  November,  and  sea  temperatures  and  10/L  time  series  in  Figures  4c 

Figure  4  a..  and  4b  reveal  the  thermal  stratification  to  certainly  have 

been  unstable.  With  10/L  approaching  -1,  convective 
Relative  humidity,  Figure  4a,  was  near  100%  for  two  days,  mixing  will  have  an  influence  on  aerosol  profiles. 

30-31  October,  and  could  affect  our  neglect  on  relative 

humidity’s  role  on  aerosol  gradient.  As  the  low  We  also  use  the  neutral  drag  coefficient,  CDN,  in  our 

approached,  winds  generally  decreased  through  1  evaluation  of  the  u*  measurements.  CDN  is  u*  normalized 

November  when  they  increased  as  the  low  center  passed  for  both  wind  speed  U  and  stratification,  z/L.  according  to 

south  of  the  MPN  North  Sea  location.  Also  with  the  low's  the  following  expression, 

passage,  winds  turned  clockwise  from  NE  through  SE.  The 

evolving  wind  direction  caused  the  airflow  to  be  partially  Cdn(z)=[(u*/U)  -H|f(z/L)/k]  ,  (3) 

from  the  North  Sea  for  26  October,  from  off-shore  but  still 

not  through  MPN  for  27-30  October,  and  through  MPN  for  where  \[/(z/L)  is  a  flux-profile  related  function. 

31  October  -  3  November. 

Since  C^n  depends  on  height,  the  calculated  neutral  drag 
The  wind  direction  being  through  MPN  led  to  no  post-30  coefficients  were  extrapolated  to  a  reference  level  of  10 

October  aerosol  profiles  being  examined,  Table  1.  meters  and  are  denoted  as  Cdion- 

Therefore,  aerosol  profiles  were  examined  for  a  period 
(10/26/1200  -10/30/1600)  when  winds  speeds  were  high 


Figure  5  has  a  comparison  of  buoy  inertial-dissipation  and 
MPN  bulk  derived  Cp ion's  ,  Figure  5b,  relative  MPN 
water-level  departures  from  mean  tide,  and  Figure  5a.  The 
water  (tide)  height  and  Cd ion  variation  are  correlated 
because  wind  speed  was  not  adjusted  for  the  tide- 
influenced  surface  current.  These  results  provide  evidence 
on  the  accuracy  of  the  u*  estimates  since  Cajon's 
calculated  from  them  reflect  the  non-removed  surface 
current 

3.  TNO-FEL  AEROSOL  PROFILES 


Size  distributions  of  particles  larger  than  5  (im  in  radius 
were  measured  with  a  Rotorod  inertial  impactor.  The 
sampler  consists  of  two  polished  stainless  steel  rods, 
mounted  in  a  retracting  collector  head  on  a  motor  which 
rotates  at  a  nominal  speed  of  2400  rpm.  The  linear  velocity 
of  the  rods  is  10  m/s.  Particles  impacted  on  the  rods  are 
retained  by  a  sticky  coating  (silicone). 

Microscope  images  of  the  rods  are  digitized  to  determine 
the  particle  size  distribution  by  computer,  [11],  Impaction 
and  magnification  limits  determine  the  5  pm  radii  and 
larger  sizes  range.  Concentrations  were  estimated  for  up  to 
10  radii  bins;  centered  at  6.5,  8.5,  12,  16,  21,  28,  37.5,  50, 
62.5,  and  75  pm. 

Profiles  were  defined  on  the  basis  of  up  to  7  fixed-heights 
(1,  2,  3,  5, 1,9,  11  meters)  above  mean  tide  height  and  of 
up  to  7  levels  (from  .5  to  2.0  meters)  above  a  wave 


follower.  We  consider  profiles  from  the  "fixed"  levels  only 
because  Eqn.  (1)  is  not  based  on  wave- following  scaling. 
Profiles  were  possible  for  up  to  9  different  radii  but 
numbers  were  often  too  small  to  be  statistically  significant 
to  define  them  for  largest  sizes. 

A  typical  set  of  MAPTIP  profiles,  corresponding  to  13:28 
UT  on  29  October,  is  shown  in  Figure  6a,  with  linear 
regression  lines  to  the  Ln  versus  Ln  distribution.  The 
Ln(DN/dD,  i.e.  X;)  versus  Ln(Zj)  display  and  regression 
are  based  on  the  Eqn.  (1)  prediction.  DN/dD  is  the  number 
of  aerosol  per  diameter  interval  per  volume.  A  typical  set 
of  profiles,  corresponding  to  1510  UT  on  24  September, 
from  the  MPN  based  (September  1993)  Air-Sea  Gas 
Exchange  (ASGASEX)  experiment  [12]  is  shown  in  Figure 
6b.  ASGASEX  results  enter  into  the  final  discussions  of 
MAPTIP  results.  Table  2  lists  ASGASEX  profile  sampling 
periods  for  periods  when  the  wind  direction  was 
determined  to  be  acceptable,  counter-clockwise  from  090  - 
180  deg.  Table  2  is  similar  to  Table  1  for  MAPTIP  in  that 
it  includes  measured  mean  parameters  and  indicators  of 
positive  slope  occurrence  according  to  radii.  It  differs  in 
that  the  Table  2  profile  list  is  sorted  according  to  wind 
speed. 

Figure  6  profiles  are  nearly  linear  in  the  Ln-Ln  display  and 
some  of  the  measured  have  unexpected  positive  slopes. 
Tables  1  and  2  list  MAPTIP  and  ASGASEX  profiles, 
according  to  size,  that  had  positive  slopes.  The  fraction 
with  positive  slopes  is  given  on  the  bottom  row  of  each 
experiment’s  listing,  i.e.  7/8  for  MAPTIP's  and  3/4  for 


Figure  5. 

Time  series  of  a)  water  level  measured  at  MPN  and  b)  Buoy  obtained  neutral  10-meter  drag  coefficient,  Cq^qn- 


Table  2  ASGASEX  Profile  Periods 


date/ time 

Wdir 

U 

RH 

Tair 

Tsea 

Radius  (4m) 

8-21 

28-62 

mo/day/UT 

(°) 

m/s 

% 

C 

C 

8 

_J2j 

16 

21 

28 

38 

50 

63 

Tot 

4m 

M.m 

9/23/1445 

355 

4.3 

84 

mm 

16.7 

n 

5 

3 

2 

9/24/0919 

66 

5.2 

89 

m 

16.4 

9 

H 

0 

0 

0 

9/24/1540 

18 

9.1 

81 

15.1 

16.5 

1 

■Ptj 

1 

1 

0 

9/15/1110 

250 

9.4 

77 

14.7 

16.2 

mm 

■  '  | 

1 

1 

0 

Total  Positive 

3 

0 

1 

1 

1 

1 

0 

0 

7 

5 

2 

Total  Profiles 

4 

3 

4 

4 

4 

2 

0 

0 

21 

Percent  Positive  33% 
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ASGASEX’s  8  pm  size  bins.  Equilibrium  profiles  for 
situations  with  a  surface  source,  assumed  in  Eqn  (1)/, 
should  have  negative  slopes.  Minimal  slopes  are  expected 
for  smaller  aerosol  sizes  which  have  smaller  Vj's  and  are 
more  likely  advected  from  a  distance.  Causes  for  positive 
slopes  could  be  due  to  no  surface  production  or  advected 
aerosol,  more  likely  at  small  sizes,  or  a  non-equilibrium 
situation  where  upward  transport  exceeds  downward 
transport  plus  gravitational  settling,  causing  a  maximum 
above  the  surface. 


The  MAPTIP  (Table  1)  fraction  of  positive  slopes 
decreases  as  radii  increases,  as  expected.  However, 
MAPTIP's  fraction  with  positive  slopes  is  quite  large,  46 
out  of  83  or  55%  of  the  profiles.  A  possible  reason  for  this 
MAPTIP  result  is  that  the  influence  of  the  surface 
production  is  diminished  by  advection  from  land;  the 
airflow  was  always  from  the  NE-E  quadrant.  Positive  slope 
distributions  in  Table  1,  MAPTIP  periods  sorted  according 
to  wind  direction,  seem  to  show  an  increase  in  positive 
slopes,  particularly  for  larger  sizes,  when  the  wind 
direction  is  clockwise  from  50  deg.  The  13:46  UT  19 
October,  with  a  wind  direction  of  35  deg,  is  a  definite 
exception  to  this  rule  since  all  7  radii  had  positive  slopes. 
However,  that  period  also  had  the  lowest  wind  speed,  2. 1 
m/s,  so  surface  production  was  unlikely.  Although  the 
ASGASEX  sample  size  is  small,  the  ASGASEX  fraction  of 
positive  profile  slopes  was  significantly  smaller,  33% 
versus  55%,  Table  2.  The  most  apparent  aspect  of 
ASGASEX  positive  slopes  is  that  a  light  wind,  4.2  m/s, 
period  was  the  only  one  that  had  them  at  radii  greater  than 

8.5  pm. 

4.  RESULTS  ON  MODELING  SURFACE-LAYER 
AEROSOL  GRADIENTS 

The  Eqn  (1)  prediction  for  the  profile  gradients  rather  than 
concentrations  at  a  given  height  is  the  feature  being 
examined  in  the  combined  data  set.  Further,  gradient  is 
evaluated  on  the  basis  of  the  apparent  deposition  velocity, 

Vd,  i.e. 


[ku*]  [Ln(X2)-Ln(X1)] 

Vd  =  - - 

[Ln(Z2/Z!)  -'P(Z2/L)  +  »P(Z,/L)]  (4) 

where  Ln(Xj)’s  were  determined  on  the  basis  of  regression- 
obtained  coefficients  and  Zj's  values  were  30  and  15 
meters. 

The  appropriateness  of  Eqn  (1)  for  describing  near-surface 
aerosol  profiles  was  evaluated  on  the  basis  of  comparing 
s  calculated  with  Eqn  (  4)  and  available  data  with  the 
gravitational  settling  rate.  Vg, 

i.e.  Vg  =  2  p  g  r2  /(9y)  (5) 

where  y  is  viscosity  of  air  and  p  is  density  of  aerosol 

With  Eqn  (5),  the  aerosol  is  assumed  to  be  in  equilibrium 
with  the  local  relative  humidity.  Further,  we  are  neglecting 
the  turbulent  deposition  rate  which  increases  the  Vj.  The 
difference  becomes  less  with  increasing  radius  so  that  Vj  is 
essentially  determined  by  Vg  for  radii  greater  than  10  pm, 
[5],  In  this  analysis,  8.5  pm  was  the  smallest  size  for  which 
profiles  were  determined. 

Comparisons  of  V<j's  calculated  with  Eqn  (4)  with  Vg’s  are 
shown  in  Figures  7a  and  7b,  for  MAPTIP  and  ASGASEX 
respectively.  The  Vj's  are  based  on  both  buoy  inertial- 
dissipation  determined  u*'s  in  Eqn  (4)  and  on  u*'s 
determined  with  a  bulk  method  [10]  and  MPN  data.  Vg 
dependence  on  the  radii  leads  to  vertical  columns  of  data 
points,  corresponding  to  the  radii  bins.  There  are  8  such 
columns  for  MAPTIP  corresponding  to  radii  from  8.5  to 

62.5  pm  and  6  for  ASGASEX  corresponding  to  radii  from 

8.5  to  37.5  pm.  Pairs  of  Vj's  from  the  two  methods  are  also 
apparent  since  the  dissipation  datum  point  is  slightly  above 
(usually)  the  bulk  data  point  in  the  column.  Of  course,  an 
unpaired  bulk  data  point  means  there  was  no  buoy  data. 
We  include  Vg's  calculated  with  bulk  u*’s  in  this 
comparison  because  aerosol  profiles  were  available  for  6 
periods  listed  in  Table  1  before  buoy  data  became 
available,  from  10/19  through  10/25.  Also,  we  want  to 
examine  the  importance  of  the  method  for  specifying  u*'s. 

MAPTIP  comparisons  in  Figure  7a  show  that  Vj's  are  both 
greater  and  less  than  V„.  The  spread  around  the  identity 
line  is  within  a  factor  of  3.  There  is  a  tendency  for  V„  to  be 
less  than  V(1  for  larger  radii,  Vg>9  cm/s  or  r>20  pm. 
Additional  examinations  were  done  to  explain  the  scatter. 
They  showed  that  correcting  Vg  for  turbulent  deposition 
does  not  improve  comparison  agreement  nor  does 
restricting  the  comparison  to  MPN  wind  directions  that  are 
more  northeasterly  than  easterly.  With  respect  to  the  wind 
direction,  the  local  wind  direction  may  not  be  the  best 
indicator  of  the  trajectory.  Trajectory  analyses  is  being 
performed  as  a  continuing  step  with  this  data. 

ASGASEX  comparisons  in  Figure  7b  show  V<j  in 
agreement  with  Vg,  with  less  scatter  than  for  MAPTIP.  The 
ASGASEX  non-bulk  u*  values  were  obtained  from 
calculating  the  <u'w'>  covariance  from  turbulent  wind 
from  MPN.  This  is  normally  referred  to  as  the  "direct" 
method.  As  for  MAPTIP,  Vj  is  generally  less  than  Vg  for 
V„>9  cm/s  or  r>20  pm.  We  do  not  believe  it  is  the 
different  method,  direct  versus  dissipation,  that  causes  the 
apparent  better  agreement  in  the  ASGASEX  comparison 
because  the  bulk  also  has  better  agreement.  ASGASEX 
definitely  had  the  higher  percentage  of  North  Sea  winds, 
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MAPTIP 


ASGASEX 


Figure  7. 

Comparison  of  Vd  and  Vg  for  a)  MAPTIP  and  b)  ASGASEX. 
Dissipation/direct  and  bulk  refer  to  method  for  estimating  u.  in 
Eqn  (4). 


only  one  was  more  clockwise  than  50  deg,  Table  2.  Of 
course  the  one  with  the  lowest  wind  speed,  1445  UT  on 
23  September,  had  5  of  the  7  positive  slopes  in  ASGASEX. 
Because  the  sample  size  is  small,  trajectory  analyses  results 
have  to  be  available  before  further  interpretations  can  be 
made. 

Although  both  MAPTIP  and  ASGASEX  comparisons 
yielded  reasonable  agreement  between  the  aerosol  profile 
gradient  calculated  V^'s  and  the  Vg's,  we  have  to  note  the 
large  fraction  not  included  in  Figure  7  due  to  positive 
slopes.  Not  included  in  Figure  7a  (MAPTIP)  were  results 


from  46  of  83  profiles,  or  55%,  and  in  Figure  7b 
(ASGASEX)  from  7  of  21  profiles,  or  33%.  We  believe  the 
positive  slope  profiles  in  MAPTIP  were  closely  associated 
with  the  local  wind  direction,  i.e.  advection  while  the  most 
apparent  one  in  the  small  ASGASEX  sample  was  definitely 
associated  with  low  wind  speed,  i.e.  no  production. 
However,  we  can  say  that  when  the  graduate  is  negative  a 
simple  model  seems  to  exist. 

These  results  are  from  a  much  more  thorough  examination 
on  the  representativeness  and  use  of  Eqn  (1)  than 
performed  previously,  by  Davidson  and  Schutz  [13].  The 
latter  did  not  have  the  important  aerosol  profile  data  but 
inferred  the  correctness  of  Eqn  (1)  from  single  level  data 
relying  on  varying  L  and  U*  instead  of  different  Z  values . 

5.  DISCUSSION 

Combined  surface  layer  turbulence  and  aerosol  profile  data 
sets  were  successfully  obtained  during  a  portion  of  the 
MAPTIP-IOP.  Comparisons  of  the  inertial-dissipation 
derived  u*  at  the  buoy  with  bulk  values  derived  from  the 
MPN  data  leads  to  the  conclusion  that  MPN  data  are 
sufficient  for  characterizing  MAPTIP-IOP  periods  when 
buoy  data  were  not  available.  The  characterization  is 
required  by  a  model  for  surface-layer  aerosol  profiles  that 
is  based  on  gravitational  settling  rate,  Vg,  turbulent 
transport,  u*,  and  thermal  stratification,  Z/L. 

An  objective  of  this  study  has  been  to  provide  other 
MAPTIP-IOP  participants  an  approach  for  estimating 
multi-radius  profile  gradients  when  MPN  aerosol 
measurements  were  not  made  or  not  valid  because  of  flow 
through  the  platform.  In  this  regard,  model  prediction  will 
always  yield  negative  concentration  gradients  even  though 
the  actual  gradients  may  be  positive.  The  positive  gradients 
will  be  more  likely  for  smaller  sizes,  for  light  wind 
conditions,  and  for  more  easterly  wind,  clockwise  from  45 
deg. 

Further  studies  will  be  useful  with  the  combined  data  sets. 
These  would  lead  to  better  understandings  of  the  following 
influences, 

a)  air-mass  trajectory, 

b)  relative  humidity  gradient,  and 

c)  turbulent  deposition. 
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l.SUMMARY 

During  the  MAPTIP  experiment  series  in  Dutch 
coastal  waters  in  October  1993  shore-based  polarized 
infrared  images  were  recorded  of  air  (fixed  wing  and 
helicopter)  and  sea  targets  in  sea  and  air  backgrounds, 
including  a  number  of  vertically  and  horizontally 
polarized  image  pairs  of  the  Dutch  oceanographic 
research  vessel  Hr  Ms  Tydeman.  Complete 
characterization  of  the  environmental  conditions  in  the 
measurement  area  will  be  available  through  other 
MAPTIP  participants.  These  images  show  no 
significant  polarization  features  in  ship  images  (  < 

5%)  or  in  sky  background,  but  a  considerable  degree 
of  vertical  ("p")  polarization  in  the  sea  background 
radiance  at  low  emission  (near  grazing  )  angles,  which 
is  ascribed  to  surface  emission  polarization.  This 
phenomenon  for  all  observed  times  of  day  and  sun 
positions,  and  more  strongly  in  the  LWIR  than  in  the 
MWIR.  A  horizontal  polarization  filter  provided  10  to 
20%  ship-to-sea  contrast  improvement  due  to 
suppression  of  sea  background,  and  enhances  horizon 
sea/sky  contrast  by  up  to  15  %  .  These  results  are 
consistent  with  our  previous  measurements  of 
polarization  in  the  sun  glint  channel. 

2.  INTRODUCTION. 

We  have  previously  reported  observations  of  a 
significant  degree  of  linear  polarization  in  both  the 
Mid  and  Far  Infrared  across  the  near-horizon  sun- 
glint  channel  and  in  the  adjacent  sea  background 
radiance® .  The  measured  degree  of  linear 
polarization  showed  a  strong  horizontal  ("s" ) 
polarization  peaked  in  the  center  of  the  channel  with 
near-exponential  decrease  and  sign  reversal  to  vertical 
("p")  polarization  in  the  wings  of  the  glint  and  the 
surrounding  sea  background.  The  magnitude  of  degree 
of  polarization  was  found  to  be  much  greater  in  the  3 
-  5  micrometer  (MWIR)  band  than  in  the  8-12 
micrometer  (LWIR)  band,  and  showed  good 
correspondence  to  computer  calculations®  based  on 
Fresnel  reflection  from  a  Cox-Munk  wave  slope 
distribution.  The  MAPTIP  experiment  series  in  the 
Dutch  coastal  region  in  October  1993  provided  an 


opportunity  to  record  polarized  images  of  various  air 
and  sea  targets  against  sea  and  air  backgrounds, 
including  a  number  of  vertically  and  horizontally 
polarized  image  pairs  of  the  Dutch  oceanographic 
research  vessel  Hr  Ms  Tydeman,  with  environmental 
characterization  by  the  participants  in  MAPTIP. 

Image  pairs  recorded  with  target  stationary  allowed 
comparison  to  determine  degree  of  polarization  of 
targets  and  background,  and  the  contrast  improvement 
factor  achieved  with  a  polarization  filter. 

The  Marine  Aerosol  Properties  and  Thermal  Imager 
Performance  Trial  (MAPTIP)  is  a  multinational  field 
experiment  organized  by  NATO  AC/243  PANEL 
4/RSG.8  on  atmospheric  propagation  effects  on 
electro-optical  systems  with  participation  by  Panel 
04/RSG.5  on  thermal  imaging3'45.  Measurements  were 
made  by  the  eight  participating  countries  during  the 
period  October  11  to  November  5,  1993.  The  trial  was 
conducted  in  Dutch  coastal  waters  at  Katwijk,  near 
The  Hague.  A  variety  of  sea,  land  and  air  platforms 
were  used  as  measurement  locations  and  targets  for 
imaging  and  measurement.  The  objectives  and 
achievements  of  the  MAPTIP  experiment  are  available 
elsewhere;  this  paper  deals  with  polarized  image  data 
obtained  from  the  Beach  Station  at 
Katwijk.Supporting  environmental  data  are  available 
from  concurrent  aerosol,  visibility,  and  radiometer 
measurements  made  from  an  oceanographic  tower 
(MPN)  4.9  nmi  from  the  beach,  from  the  Beach 
Station  at  Katwijk,  from  the  Oceanographic  ship 
Hr.Mr.  Tydeman,  and  the  NCCOSC  Piper  Navajo 
aircraft  and  listed  in  the  MAPTIP  Consensus 
Environmental  Data  package.  Sea  surface 
measurements  recorded  on  two  buoys  are  also 
included  in  the  consensus  package.  The  objectives  of 
the  NPS  measurements  are  to  extend  background 
polarization  measurements  to  regions  remote  from  the 
sun  glint,  to  investigate  polarization  features  in  ship 
targets,  and  to  evaluate  influence  of  polarization  on 
target  discrimination  against  background. 
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3.  POLARIZATION  IN  SEA  AND  TARGET 
RADIANCE. 

The  infrared  radiance  from  the  sea  can  be  expressed 
as  the  sum  of  the  thermal  emission  from  the  water 
and  the  sky  radiance  reflected  specularly  from  the 
surface (5,6) .  Sun  glint  in  the  direction  close  to  the  sun 
is  caused  by  specular  reflection  of  direct  sunlight  from 
the  wave  facets.  The  total  sea  radiance  can  be 
described  by  the  expression; 

Ntot  =  Nsky p  0)  +  Nsea€  0)  +  Nsol p  0)  (  1  ) 


The  radiance  term  Nseae  (8  )  due  to  thermal  emission 
also  shows  polarization,  with  electric  vector 
predominantly  parallel  to  the  plane  of  emission  (ie 
vertical).  The  process  of  emission  polarization  is  less 
intuitive  than  that  of  reflection;  it  has  been  well 
reviewed  by  Sandus (8)  for  solid  materials  and  applied 
to  the  sea  surface  by  Basener  and  McCoyd  (5j  and 
Sidran(7) . 

Polarization  in  emission  at  angle  8  is  described  by 
the  relations  of  Equation  (4) 

ex(0)  =l-px (0) ;  e, (0)  =i-p, (0)  (4) 


Each  term  in  Equation  1  is  a  function  of  the  spectral 
reflectivity  or  emissivity  (Px>£\)  °f  sea  water 
averaged 

over  the  orientations  of  the  sea  wave  facets  relative  to 
the  reflected  sources  and  the  observer;  for  low  sensor 
elevation  the  reflectance  does  not  approach  unity  as 
for  a  smooth  surface  but  becomes  highly  dependent 
on  sea  state.  In  regions  remote  from  the  sun  direction 
the  third  direct  sunlight  contribution  may  be  ignored. 
An  immediately  analogous  expression  can  be  written 
for  the  radiance  from  a  man-made  object,  for  example 
a  ship  target,  embedded  in  the  sea  background. 

3.1  Polarization  in  Reflection 

Polarization  of  the  reflected  radiation  occurs  in 
accordance  with  the  Fresnel  Equations  applied  relative 
to  each  facet  normal  and  resolved  into  the  vertical  and 
horizontal  directions.  The  individual  effective 
reflectivities  for  the  horizontal  and  vertical 


where  each  emissivity  is  related  to  the  reflectance  at 
the  same  angle  8  .  This  emittance  can  be  interpreted 
as  the  sea  surface  transmittance  from  below.  The 
effective  surface  values  eh  and  cy  are  then  obtained 
analogously  to  Equation  (3),  averaged  over  the  wave 
slope  distribution.  The  degree  of  emission  polarization 
can  then  be  writtent7)  as 


applied  to  the  facet,  or  equivalently  for  the  effective 
sea  surface.  Sidran(7)  shows  Q  rising  to  40  %  at  3  /i  m 
and  30%  at  10  n  m  as  8  approaches  9CP .  With  both  the 
reflection  and  emission  processes  inducing 
polarization,  the  observed  degree  of  polarization  of 
the  radiance  can  be  written  in  the  form 

POT  -  <Nv  >  -  <Nh  >  (6) 

<NV  >  +  <Nh  > 


phett  =  Pj.  (05  c°s2  (“1  +  P|(0)sin2(a)  (2) 

pveff  =  p±(0)  sin2  (a)  +  P|  (0)  cos2  (a) 

polarizations  can  be  expressed; 

Here  the  terms  p±  and  p  ||  are  the  spectral 
reflectivities  of  the  sea  water  determined  by  the  angle 
of  incidence  (reflection)  or  emission,  £,  through  the 
Fresnel  equations  and  a  represents  orientation  of  the 
electric  vector  relative  to  the  wave  facet  normal.  The 
degree  of  polarization  of  the  reflected  radiance  is 
defined  t7)  relative  to  the  plane  of  incidence  as  shown 
in  Equation  (3). 


Px  +  P| 

ph  and  pv  are  then  the  averaged  values  relative  to  a 
flat  sea  surface. 

3.2  Emission  Polarization. 


where  <iVv  >  and  <Nh  >are  the  mean  apparent 
radiance  recorded  by  the  AGA  780  imager  with 
polarizing  filter  in  the  vertical  and  horizontal 
direction,  respectively.  A  negative  value  of  the  percent 
polarization  corresponds  to  net  horizontal  polarization. 

Previous  measurements(1,2)  of  sun  glint  from  the  sea 
surface  showed  that  the  polarization  within  the  glint 
corridor  is  predominantly  horizontal,  while  outside  the 
corridor  the  polarization  is  frequently  vertical.  It  was 
concluded  that  for  the  glint  region,  the  reflective 
components  dominate  the  radiance  in  the  MWIR 
band  while  in  the  LWIR  the  emission  components 
dominate  all  but  the  glint  center. 

Target  radiance  must  be  considered  in  the  same 
fashion  as  sea  radiance.  Since  both  emission  and 
reflection  polarization  are  strongly  dependent  on 
direction  relative  to  the  surface  normal,  targets  such 
as  ships  may  show  significant  differences  from  sea 
background. 


4.  CONTRAST  AND  CONTRAST  IMPROVEMENT. 

The  contrast  signature  of  a  target  in  background  for 
either  polarization  or  for  an  unpolarized  image  is 
defined  by 

^  N target  ^  ^  ^Bkgd  /  n  \ 

<NBkgd>  (?) 


where  <  N[arget  >  and  <  Ngkgd  >  are  the  average 
apparent  radiances  of  the  target  and  its  immediate 
surroundings.  Differences  in  polarizations  of  target 
and  background  may  result  in  significant  differences  in 
contrast.  Defining  the  vertically  and  horizontally 
polarized  averaged  apparent  radiances  of  target  and 
background  as  N^,  NHT,  N^g,  and  NH8  ,  and  the 
equivalent  unfiltered  values  as  NUT  and  NUB  we  can 
further  define  the  contrast  functions  relevant  to  this 
paper  as  C^,  C^,  and  Cjj  in  the  same  form  as 
Equation  (7);  for  example 

Contrast  without  polarization  filter; 


The  Contrast  Improvement  Factor  can  then  be 
defined  as  a  simple  ratio  representing  the  ratio  of 
contrast  with  filter  to  contrast  without. 

F  =  (9) 


Since  unpolarized  images  were  not  obtainable  in  the 
MAPTIP  data,  an  "Equivalent  unpolarized"  image  was 
generated  by  array  addition  of  the  vertical  and 
horizontal  polarizations.  These  functions  have  the 
advantage  of  being  independent  of  the  temperature 
calibration  of  the  instrument. 

5.  METHOD  OF  MEASUREMENT. 

The  polarized  images  reported  here  were  recorded 
during  the  MAPTIP  experiment  using  an  AGA  780 
Thermovision  dual  band  radiometric  imaging  system 
with  pass  bands  in  the  3  to  5  p  m  and  8  to  12  p  m 
windows.  Each  channel  is  fitted  with  a  71  mm 
diameter  Cambridge  Physical  Sciences  Model  IGP- 
228-71  Infrared  polarization  filter  in  the  form  of  a  grid 
of  0.12  micrometer  aluminum  strips  at  pitch  of  .25 
micrometers  deposited  on  a  barium  fluoride  substrate. 
The  filters  are  mounted  external  to  the  lenses  and 
can  be  rotated  manually  about  the  optical  axis.  The 
filter  assembly  can  be  used  only  with  the  T xf  system 


field  of  view.  Performance  specifications  of  the 
polarizer  over  the  spectral  range  of  1-12 pm  are:  85% 
transmission  efficiency  and  98%  polarization 
effectiveness  at  3.9  pm.  Each  channel  is  a  single 
detector  (InSb  and  HgCdTe  respectively)  scanning 
imager  generating  four  140  x  70  pixel  fields  per  frame 
at  a  field  rate  of  25  per  second.  The  digital  image 
storage  and  display  system  (AGEMA  Corp  CATS  2.01 
software)  allows  the  option  of  recording  either  one  or 
two  fields  per  frame  in  single-frame  (snapshot)  or 
multiframe  (integrated)  mode,  displayed  in  false  color 
equivalent  temperature  representation  or  extracted  for 
off-line  processing.  All  images  reported  here  were 
recorded  under  CATS  and  transferred  as  Isotherm 
Value  files  for  processing  under  Interactive  Data 
Language  (IDL)  software  to  provide  degree  of 
polarization  and  image  contrast.  The  image  pairs  were 
recorded  in  snap-shot  mode  with  an  average  time 
delay  of  10  seconds  between  polarizations. 

The  AGA  780  scanner  was  recalibrated  in  the 
laboratory  by  comparison  of  thermal  value  with  and 
without  the  polarizers  against  reference  source 
temperature.  The  curve  shape  shows  long  term 
stability  with  adequate  correction  for  local  conditions 
provided  by  optimization  of  an  Offset  Correction 
(OC).  With  the  polarizer  in  place  the  AGA  shows  an 
increased  Offset  Correction  at  low  temperatures  and 
the  dynamic  range  is  decreased.  For  computer  data 
acquisition  and  processing,  calibration  data  in  terms  of 
digital  signal  are  stored  as  computer  files.  During 
experimentation  the  Offset  Correction  was  checked 
and  adjusted  occasionally  against  a  local  thermal 
reference.  The  Degree  of  Polarization  and  the 
Contrast  Improvement  Factor  are  in  any  event 
independent  of  the  temperature  calibration. 

6.  DATA  COLLECTION 

The  NPS  thermal  imaging  equipment  was  located  in 
the  upper  level  of  the  Katwijk  Beach  Station,  the 
scanner  viewing  a  clear  field  through  an  open  transom 
window  at  ten  meters  elevation  above  mean  sea  level. 
The  imaging  path  traversed  a  broad  beach  and  surf 
line.  An  expanded  description  of  the  experimentation 
with  further  image  samples  can  be  found  in  Chan  et 
af9). 

6.1  Infrared  Polarization  Images 

A  total  of  3236  image  files  were  recorded  within  a 
twelve-day  period  of  air  and  sea  targets,  including 
many  in  matched  vertical  and  horizontal  polarization 
pairs.  The  image  files  are  summarized  by  target  type 
and  waveband  in  Reference  (9).  For  the  purposes  of 
this  paper  only  the  ship  polarized  image  pairs  will  be 
considered,  with  emphasis  on  those  for  which  the 
target  remained  stationary.  This  facilitates  the 
registration  of  pixels  which  is  required  for  the 
determination  of  degree  of  contrast  improvement.  A 
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selection  from  the  666  MWIR  (3-5  / 1  m)  and  718 
LWIR  (8-12  ^m)  of  the  Hr.  Ms.  Tydeman  will  be 
treated.  This  ship  is  a  Dutch  oceanographic  vessel,  of 
length  90  meters  and  beam  14.5  meters.  An  array  of 
high  intensity  lamps  (operated  on  a  published 
schedule)  and  the  exhaust  stack  formed  a  further 
strong  local  infrared  source  visible  as  a  hot  spot  in  the 
ship  images.  The  ship  operated  on  a  prearranged  path 
which  included  stations  on  the  direct  path  between  the 
Beach  Station  and  the  MPN  Tower,  and  also  provided 
suitable  stationary  imaging  periods  close  to  the  Beach 
Station.  Images  of  the  Tydeman  holding  positions  at 
distances  of  1085  m  to  1737  m  were  recorded. 
Additional  information  on  the  Tydeman  (dimensions, 
equipment,  etc.,)  and  details  of  its  cruise  path  can  be 
found  in  the  MAPTIP  work  plan.(4) 

6.2  Environmental  Data 

The  complete  meteorological  history  during  the  entire 
measurement  period  was  recorded  at  each  principal 
site  (i.e.,  MPN  and  WPB).  Additionally, 
measurements  of  air  temperature,  relative  humidity, 
winds,  visibility,  sea  state,  etc.  were  taken  manually 
and  recorded  in  the  daily  data  log. 

7.  IMAGE  DATA  AND  ANALYSIS 

The  images  presented  in  this  paper  were  processed 
using  IDL  programs.  The  recorded  CATS  files  of 
thermal  values  in  eight-bit  binary  form  are  read  by  the 
IDL  program  and  rescaled  linearly  into  256  steps. 

This  provides  finer  scale  resolution  for  display  and 
advanced  image  processing.  Degree  of  polarization 
can  however  be  estimated  from  the  polarization  image 
pairs  with  the  filter  axis  vertical  and  horizontal,  using 
Equation  (6). 

Figure  (1)  shows  as  an  example  a  perspective  display 
of  an  image  of  the  HrMs  Tydeman.  The  lowest  level 
is  a  gray  scale  radiance  image;  the  middle  level  shows 
a  three  dimensional  representation  of  the  same  scene, 
and  the  top  shows  a  contour  plot.  The  Three 
Dimensional  plot  is  useful  as  an  intermediate  step  in 
processing.  The  narcissus  spot  formed  by  reflection 
from  the  external  polarizer  and  its  influence  on  the 
image  can  easily  be  seen.  These  plots  are  indicative 
of  the  data  quality.  Care  was  taken  in  analysis  to 
minimize  effects  of  this  artifact. 

Figure  2  is  a  comparison  of  polarization  image  pairs 
recorded  simultaneously  in  the  MWIR  (  3-5  /r  m  )  and 
LWIR  (8-12  pm)  bands.  Each  pair  contains 
horizontally  and  vertically  polarized  images.  In  these 
pictures  the  ship  image  is  located  well  clear  of  the 
narcissus  region.  The  MWIR  images  show  less  definite 
contrast  improvement  with  horizontal  filter  (  see 
Table  2).  Qualitative  conclusions  can  be  drawn  from 
these  images  by  inspection:  1)  Sea  background  is 
reduced  in  both  wavebands  with  a  horizontal 


polarization  filter,  relative  to  vertical  2)  Apparent 
contrast  of  ship  versus  sea  is  improved  with  horizontal 
filtering  ,  to  a  greater  degree  in  the  LWIR;  3  ) 
contrast  of  ship  versus  sky  is  not  noticeably  improved; 
4)  ship  and  sky  show  little  change  with  filter 
orientation.  Since  the  effects  are  larger  in  the  LWIR, 
the  discussion  will  emphasize  that  band. 

7.1  Evaluation  of  Contrast  Improvement  Factor 
Only  horizontally  or  vertically  polarized  images  were 
recorded  in  the  MAPTIP  measurements.  From  these 
image  pairs  the  degree  of  polarization  for  targets  and 
backgrounds  and  the  contrast  differences  obtained 
vertical  and  horizontal  polarizers  can  be  extracted. 
Samples  are  shown  in  Tables  I  and  II,  and  will  be 
discussed  later.  Evaluation  of  the  effectiveness  of 
polarization  filtering  requires  evaluation  of  the 
Contrast  Improvement  Factor  achievable  compared  to 
observation  of  the  unfiltered  scene.  For  this  purpose 
equivalent  unpolarized  scenes  were  constructed  by 
superposition  and  matrix  addition  of  the  horizontally 
and  vertically  polarized  radiance  images.  An  example 
is  shown  in  Figure  3.  The  quality  of  the  composite 
image  indicates  the  high  degree  of  pixel  registration 
achieved.  This  procedure  has  been  shown  in  the  past 
to  represent  a  good  approximation  to  the  unfiltered 
scene  due  to  the  high  efficiency  of  the  polarizers. 

From  the  composite  image  files  the  Contrast 
Improvement  Factor  was  evaluated  for  a  large  number 
of  cases.  The  value  obtained  for  target /background 
contrast  depends  on  the  method  of  data  analysis;  in 
this  paper  the  ship  image  outline  is  defined  by  the 
clearer  image  (  horizontally  polarized)  and  the 
average  thermal  value  evaluated  within  this  outline  for 
each  image.  The  outline  is  defined  by  a  selected 
temperature  threshold  (  0.1  0  C  or  less  above 
background).  This  procedure  maintains  image  size  in 
the  comparison. 

Two  sets  of  images  were  selected  to  provide 
quantitative  illustration.  The  data  of  Table  1  represent 
nine  image  pairs  extracted  from  a  two  hour  record 
with  the  Tydeman  stationary  at  a  range  of  1085 
meters.from  the  Beach  Station.  The  eight  image  pairs 
shown  in  Table  2  form  a  set  obtained  within  a  two 
minute  period,  and  show  the  short  term  fluctuations  in 
the  data.  For  these  images  the  degree  of  polarization 
of  the  target  or  background  is  calculated  from 
Equation  6  where  and  are  the  apparent 
radiances  recorded  by  the  AGA  780  imager  for 
vertical  and  horizontal  polarizations  respectively.  The 
average  values  <f^  >  and  <1^  >  for  the  target  (or 
background)  were  computed  using  selected  target  and 
background  areas  matched  for  the  paired  and  the 
composite  images.  The  contrast  signature  of  target-to- 
background  for  each  case  is  calculated  by  Equation 
(7).  The  data  exemplify  the  general  conclusion  that 
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target  degree  of  polarization  is  small  and  variable, 
having  both  positive  and  negative  values.  Negative 
degree  of  polarization  means  electric  vector 
predominantly  horizontal.  The  background  shows 
relatively  large  positive  values  indicating  vertical 
polarization.  The  target-to-background  contrast  is 
also  shown  in  Table  1  for  the  horizontal  and  vertical 
polarizations,  and  also  (Q,)  for  the  composite  image. 
The  numbers  indicate  that  a  contrast  improvement  in 
the  range  of  10  to  25  %  may  be  expected  through  use 
of  a  horizontal  polarizer  filter. 

Table  2  compares  the  sea/sky  contrast  for  vertical, 
horizontal  and  composite  (  unpolarized)  polarization 
images  obtained  over  a  two  minute  period.  While 
fluctuations  are  obvious  The  Cv  and  Q,  values 
calculated  from  Equation  (7)  for  selected  regions  of 
background  above  and  below  the  horizon,  the 
Unpolarized  Contrast  Q,  from  Eq.  (8)  and  the 
corresponding  Contrast  Improvement  Factor  CIF  from 
Equation  (9)  show  qualitative  consistency,  with  lower 
values  for  the  MWIR  images.  The  contrast  of  ship  to 
sea  background  similarly  shows  relatively  consistent 
behavior  and  significant  value  of  contrast 
improvement. 

73  Long  Term  Stability  of  Polarization  of  Target-to- 
background  Contrast  Improvement 

Figure  4  shows  as  examples  four  pairs  of  images 
recorded  at  widely  varying  local  times  (  9  a.m.,  12:51 
p.m.,  3  p.m.,  and  9  p.m.)  as  representing  varied  sun 
locations,  selected  from  stationary  imaging  series  on 
different  days.  The  sea  radiance  is  seen  to  show 
vertical  polarization  in  all  cases,  including  one  image 
recorded  several  hours  after  sunset.  The  more 
obvious  polarization  target-to-background  contrast 
improvement  is  shown  in  the  morning  periods.  The 
image  pairs  are  shown  with  vertical  and  horizontal 
polarization;  the  contrast  improvement  factor  relative 
to  unpolarized  viewing  is  shown  in  the  caption,  and  in 
all  cases  is  in  the  range  11%  to  33%.  The  effect  of 
direct  sun  reflection  in  the  contrast  figures  is  not 
noticeable.  All  images  were  taken  well  away  from  the 
sun  direction. 

8.  DISCUSSION  OF  RESULTS 
In  the  polarized  images  obtained  in  the  MAPTIP 
experiment, the  man-made  objects  observed  did  not 
show  any  large  degree  of  polarization  or  significant 
polarization  preference.  Sky  radiance  similarly 
appeared  unpolarized.  The  sea  background,  however, 
showed  a  considerable  degree  of  emission  polarization 
with  electric  vector  vertical.  In  these  circumstances  s- 
polarization  (horizontal)  filters  produce  improved 
contrast  between  target  and  sea-background.  These 
results  were  consistently  obtained  under  varying  sky 
light  levels,  including  night  conditions.  No 
opportunities  occurred  to  observe  the  effects  of 


grazing  incidence  solar  illumination  which  might  be 
expected  to  show  polarization  features.  Observations 
were  clearer  in  the  LWIR  than  the  MWIR,  as  might 
be  expected  with  less  interference  from  solar 
illumination.  Since  sun  or  sky  light  reflected  from  the 
sea  tends  to  be  horizontally  polarized  and  emitted 
radiance  tends  to  be  vertically  polarized,  the  balance 
between  the  two  will  depend  on  the  ratio  of  sky 
radiation  to  thermal  emission.  This  ratio  is  much 
smaller  in  the  8-12/rm  band  than  the  3-5 /rm  band. 

No  noticable  polarization  was  observed  in  sky 
radiance.These  observations  are  consistent  with 
previous  measurements  in  sun  glint (1,2)  .  The 
quantification  of  the  contrast  and  contrast 
improvement  factor  is  based  on  specific  definitions  of 
these  quantities,  recognizing  that  the  target  area  (the 
ship  area  presented  to  the  receiver  is  the  same  for  the 
two  polarizations.  This  preserves  the  spatial  aspects 
of  the  discrimination.  An  alternative  target  definition 
based  on  gradient  or  on  fixed  threshold  will  lead  to 
comparison  of  targets  of  different  area,  which  might 
lead  to  different  conclusions. 

9.  FUTURE  PLANS 

These  considerations  have  been  restricted  to  those 
image  pairs  obtained  while  the  target  was  stationary, 
since  any  target  movement  between  images  in  a 
polarization  pair  prevents  adequate  registration  of  the 
images.  The  time  delay  of  ten  seconds  between 
exposures  is  sufficient  to  cause  inaccuracies  with  even 
slower-moving  platforms,  and  to  make  measurement 
impossible  with  fixed-wing  aircraft.  Improved 
instrumentation  is  under  development  to  allow 
simultaneous  imaging  at  both  polarizations.  Previous 
tests  have  indicated  that  the  unpolarized  radiance  can 
be  well  estimated  by  summation  of  the  two 
polarization  components.  Nonetheless,  in  order  to 
establish  that  polarization  filters  have  significant 
advantages  it  is  desirable  to  be  able  simultaneously 
(or  nearly  simultaneously)  to  acquire  the  image  in 
both  polarization  components  and  also  without 
polarization.  All  results  presented  here  are  of  directly 
observed  contrast  at  the  receiver;  for  complete 
understanding  and  application  to  modeling  or 
prediction  it  is  necessary  to  validate  the  expected 
range  dependence  of  the  contrast  improvement  factor. 
This  should  be  addressed  in  future  studies  with  the 
MAPTIP  data  and  further  experimentation  with  the 
upgraded  instrumentation. 
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.96 

-0.79 

27.15 

1.51 

1.64 

OC19L148 

H 

191 

55 

2.47 

TABLE  1  Degree  of  Polarization  of  Target  and  Background:  Contrast  Ratios  and  Contrast  Improvement  Factor 

Tgt  <N>  :  Target  Average  Radiance  Pol,-  :  Target  Degree  of  Polarization 

Bkgd  <N>  :  Background  Average  Radiance  Pole  :  Background  Degree  of  Polarization 

Qj  :  Vertical  Polarization  Contrast  Q,  :  Unpolarized  Image  Contrast 

C^,  :  Horizontal  Polarization  Contrast  /Qj :  Contrast  Improvement  Factor,  CIF. 
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HORIZON  AND  SHIP  CONTRAST;  SHORT  TERM  VARIATION. 

Two  Minute  Period  0913-0915,  26  Oct  93 

Sea  to  Sky  Contrast 

Ship  to  Sea  Contrast 
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0.79 

TABLE  2.  Short  Term  Variability  of  Horizon  and  Ship  Contrast  and  Improvement  Factor. 
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Figure  1.  OC19L104  Vertical  Polarization  Hr.  MS.  Tydeman  in  LWIR 


Contrast  =  0.107779  Contrast  =  0.149864  Contrast  =0.284245  Contrast  =0.319080 

Contrast/Unpolarized  Contrast/Unpolarized  Contrast/Unpolarized  Contrast/Unpolarized 

Contrast  =  0  831417  Contrast  =  1.156057  Contrast  =  0.943793  Contrast  =  1.059459 

OC26S024:  '  (0.6  deg)  OC26S025:  OC26L022:  OC26L023: 

Polarization:  Vertical  Polarization:  Horizontal  Polarization:  Vertical  Polarization:  Horizontal 

IRBand:  3-5  um  IR  Band:  3-5  um  IR  Band:  8-12  um  IR  Band:  8-12  um 

DATE  &  TIME:  26  OCT  93,  9:13  am 
Position:  1900  yds  to  WPB 
Air  temp=l  1.2C,  Water  temp=l  1.5C,  RH=85% 

Figure  2.  3-5  um  and  8-12  um  Comparison  with  Mostly  Sea  Background 
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Polarization:  Vertical 
Contrast  =  0.064513 
Contrast/Unpolarized 
Contrast  =0.744007 


Polarization:  Horizontal 
Contrast  =  0.109759 
Contrast/Unpolarized 
Contrast  =  1.265803 


Polarization:  Vertical 

Contrast  =  0.061928 
Contrast/Unpolarized 
Contrast  =  0.832226 


Polarization:  Horizontal 

Contrast  =  0.087203 
Contrast/Unpolarized 
Contrast  =  1.171890 


Figure  3.  Comparison  of  Horizontally  and  Vertically  Polarized  Images  of  Hr.  MS.  Tydeman  in 
LWIR  Band  OC29L028/029  29  Oct  93.  15:04  hr.  IR  Band:  8-12  um 


Polarization:  Horizontal. 
Contrast  =  0.404994 
Contrast/Unpolarized 
Contrast  =  1.107376 


Polarization:  Vertical. 
Contrast  =  0.333597 
Contrast/Unpolarized 
Contrast  =  0.912156 


Polarization:  Unpolarized 
Contrast  =  0.365724 


OC22L239:  21:01  hr  22  Oct  93.  OC22I.240:  21 :01hr  22  Oct  93 
Polarization:  Vertical  Polarization:  Horizontal 

Contrast  =  0.046078  Contrast  =  0.089696 

Contrast/Unpolarized  Contrast/Unpolarized 

Contrast  =  0.684281  Contrast  =  1.332037 


5:04 hr  29  Oct  93  OC29L029:  15:04hr  29  Oct  93 


Polarization:  Horizontal 
Contrast  =  0.404994 
Contrast/Unpolarized 
Contrast  =  1.107376 


Polarization:  Vertical 
Contrast  =  0.333597 
Contrast/Unpolarized 
Contrast  =  0.912156 


Figure  4.  LWIR  Horizontally  and  Vertically  Polarized  images  of  Hr.  MS.  Tydeman  at 

0915;  1251;  1504  and  2101. 
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OVERVIEW  OF  NATO/AC  243/PANEL  3  ACTIVITIES  CONCERNING 
RADIO  WAVE  PROPAGATION  IN  COASTAL  ENVIRONMENTS 
(Tour  d’horizon  des  activites  de  10TAN/AC243/Com.3 
concemant  la  propagation  radioelectrique  en  zone  cotiere) 
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Resume  Les  campagnes  de  mesure  conduites  en  collaboration 
intemationale  au  voisinage  de  Lorient  en  1989,  Toulon  en  1990  et 
Lorient  en  1993  ont  permis  l'acquisition  de  nombreuses  donnees 
simultanecs  dc  propagation  a  des  frequences  de  3  a  94  GHz  et  de 
caracferisation  du  milieu.  Les  deux  premieres  campagnes,  sur  des 
trajets  transhorizon,  ont  donne  lieu  a  une  exploitation  statistique 
des  amplitudes  re?ues  avec  recherche  de  correlation  aux  modeles 
de  propagation  dans  la  couche  limite  oceaniquc.  La  demiere,  sur 
un  trajet  plus  court,  est  axde  sur  la  caracferisation  des  distorsions 
de  front  d'ondc  erodes  par  les  effets  de  rdflexion  et  de  rdfraction. 

I  -  INTRODUCTION 

The  performances  of  most  systems  operating  at  RF  and 
millimeter  waves  can  be  seriously  affected  by  propagation 
effects.  That  is  the  reason  why  NATO  established  the  Research 
Study  Group  No. 8  (RSG8)  within  Panel  3  (physics  and 
electronics)  of  Defense  Research  Group  (AC  243),  with  its 
Propagation  Subgroup  (PSG)  responsible  for  the  propagation 
aspects.  Comparison  of  mm  and  other  wavelengths  was  to  be 
considered.  In  maritime  and  coastal  environments,  the  use  of 
such  wavelengths  for  various  military  applications  like  anti-ship 
seekers,  fire  control  radars,  ship  to  ship  communications  or 
Electronic  Support  Measurements  (ESM)  led  to  the  setting  up  of 
specific  measurement  campaigns;  the  last  three  are  reported 
hereafter. 

The  first  two  experiments  used  facilities  close  to  Lorient, 
on  the  Atlantic  coast,  and  Toulon,  on  the  Mediterranean  coast  of 
France,  with  the  purpose  of  documenting  the  refractive  effects  for 
medium  range  over  the  horizon  paths  III].  These  experiments, 
which  are  referred  to  as  Lorient  89  and  Toulon  90  campaigns,  are 
described  in  this  paper,  and  some  typical  results  are  presented. 

The  latest  cooperative  work  of  RSG8/PSG  took  place 
recently  (fall  1993)  near  Lorient,  on  a  line-of-sight  10  km  path 
over  seawater.  This  experiment,  referred  to  as  Lorient  93 
campaign,  was  devoted  to  the  analysis  of  phase-front  distortions 
due  to  multipath  along  with  refractive  effects,  and  to  the 
assessment  of  performances  for  naval  systems  like  short  range 
tracking  radars.  Analysis  of  the  data,  either  on  a  statistical  base  or 
as  specific  case  studies,  is  being  performed  presently,  but  some 
early  typical  results  will  be  given  in  this  paper  after  a  detailed 
description  of  the  experiment.  Further  reports  about  the  last 
Lorient  experiment  will  be  available  from  the  recently  established 
RSG21  of  Panel  3,  in  charge  of  assessing  propagation  and 
signatures  effects  on  naval  systems. 

The  nations  (and  institutions)  contributing  to  those  common 
activities  of  RSG8/PSG  were  France  (CELAR  and  CERT- 
ONERA),  Canada  (DREV),  Germany  (FGAN-FHP),  the 
Netherlands  (FEL-TNO)  and  USA  (NRL  and  NCCOSC-RDTE 
Div.). 

II  -  STATE  OF  THE  ART  KNOWLEDGE  OF 
REFRACTIVE  EFFECTS 

1.  Refractivitv  in  the  Marine  Boundary  Laver  (MBL) 


Refraction  effects  are  related  to  the  gradients  of  the 
refractive  index,  n,  especially  in  the  vertical  direction,  but 
sometimes  also  in  the  horizontal  direction,  n  and  its  usual  forms 
N  and  M  are  easily  calculated  for  an  air  parcel  if  the  pressure, 
temperature,  and  vapor  pressure  are  known. 

Over  the  ocean,  air  adjacent  to  the  surface  is  saturated 
with  water  vapor,  and  the  relative  humidity  is  nearly  100  %. 
Within  a  few  meters  above  the  surface,  the  air  rapidly  dries  out 
and  reaches  an  ambient  value  that  depends  on  the  meteorological 
conditions. 

This  rapid  decrease  of  the  air  moisture  creates  a  strong 
negative  M  gradient,  which  decreases  in  magnitude  with 
increasing  height.  The  few  meters  where  the  M  gradient  is 
negative  are  referred  to  as  the  evaporation  duct,  and  the  height 
where  the  M  gradient  is  zero,  is  defined  as  the  evaporation  duct 
height,  which  has  been  shown  to  be  a  good  measure  of  the 
strength  of  the  evaporation  duct  [1],  [2], 

The  evaporation  duct  is  a  nearly  permanent  propagation 
phenomenon  over  the  ocean  that  can  strongly  affect  the 
performances  of  EM  sensors  operating  close  to  the  sea  surface. 
Directions  of  cm  and  mm  wavelength  propagation  within  1°  of 
horizontal  are  concerned  with  the  evaporation  duct  effects  which 
lead  principally  to  a  modification  of  the  position  and  shape  of  the 
interference  lobes  due  to  multipath  propagation  in  the  line-of- 
sight  region.  Also  the  steep  refractivity  gradients  encountered  in 
the  evaporation  duct  can  cause  ducting  with  detection  ranges  well 
beyond  the  radio  horizon,  accompanied  by  holes  in  the  upper 
radar  coverage.  Thus,  the  use  of  sophisticated  EM  sensors  close 
to  the  sea  surface  requires  good  characterisation  of  the 
propagation  medium  and  accurate  propagation  models  for  the 
evaluation  of  coverage. 

2.  Modelling  of  the  vertical  refractive  index  profile 

Several  atmospheric  models  allows  one  to  describe  the 
vertical  structure  of  the  air  in  the  Marine  Boundary  Layer  (MBL) 
from  a  limited  set  of  standard  meteorological  parameters.  They  all 
are  based  on  the  physics  of  the  turbulent  transport  processes  at 
the  sea  surface.  The  variation  of  the  influential  atmospheric 
parameters  is  described  by  a  logarithmic  formulation  but  with  an 
air  stability  dependent  correction.  The  various  existing  models 
differ  in  the  formulation  of  this  correction  factor  and  in  the 
method  to  calculate  the  main  profile  parameters  (stability  length, 
roughness  lengths,  etc). 

So  far,  for  the  analysis  of  the  experimental  data,  two  MBL 
models  have  been  used  by  the  members  of  RSG8/PSG  : 

-  the  PAULUS  model  [3]  based  on  an  earlier  model 
developed  by  JESKE  [4]  which  uses  an  empirical  stability 
correction  function ; 

-  a  second  MBL  model,  developped  at  CELAR,  referred  to 
as  the  BULK  -  CELAR  model,  which  relies  on  new  advances  in 
the  understanding  of  turbulent  transport  processes  to  estimate  the 
stability  correction  function  [5]. 

The  major  limitation  appears  to  be  in  adequate 
meteorological  measurements.  For  example,  in  stable  cases  (i.e„ 
Tair  >  Tsea),  small  changes  in  the  air-sea  temperature  difference 
can  result  in  significant  differences  in  the  calculated  evaporation 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Gennany  19-22  September  1994. 
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duct  height  and  then  can  change  the  predicted  radar  detection 
range  by  many  kilometers.  The  proximity  of  the  coast  can  cause 
particular  phenomenon  to  appear  such  as  the  stable  cases  [6]. 
Thus,  the  performances  of  both  MBL  models  had  to  be  assessed 
by  measurements. 

3.  Modelling  of  radiowave  propagation 

Once  the  vertical  modified  refractivity  profile  has  been 
determined,  it  is  possible  to  model  EM  propagation  by  solving 
the  wave  equation  either  through  a  modal  analysis  [7]  or  through 
a  technique  known  as  the  Parabolic  Equation  (PE)  [8], 
Propagation  models  based  on  a  modal  analysis  are  difficult  to 
use,  especially  in  case  of  range  varying  refractivity  profiles.  In 
coastal  regions  such  horizontally  non  homogeneous  conditions 
can  be  encountered  if  dry  and  warm  air  coming  from  land  slides 
over  a  moist  and  cooler  air  mass  at  the  sea  surface. 

In  contrast,  PE  solvers  can  handle  range  varying 
atmospheric  conditions  and  also  accomodate  sea  surface 
roughness  although  it  is  much  more  time  consuming  to  compute 
the  results  then. 

For  the  analysis  of  the  data,  members  of  the  RSG8/PSG 
used  PE  models  above  all. 

Ill  -  DESCRIPTION  OF  THE  EXPERIMENTS 

1.  LORIENT  89  and  TOULON  90  campaigns 

a)  Description  of  the  sites 

Since  refractive  effects,  which  both  campaigns  were 
devoted  to,  are  known  to  be  driven  by  meteorological  conditions, 
opposite  conditions  were  selected  for  the  two  experiments  : 
LORIENT  89  took  place  in  fall  and  winter  on  the  North  Atlantic 
coast,  and  TOULON  90  in  summer  on  the  Mediterranean  coast  in 
conditions  close  to  those  over  warmer  seas.  Figures  1  and  2 
show  the  geographical  locations  of  both  campaigns.  The 
propagation  path,  indicated  by  a  straight  line,  lied  in  the  vicinity 
of  the  coast  so  that  propagation  conditions  sometimes  varied 
significantly  along  the  path,  especialy  when  low  wind  speed  or 
advection  movements  prevailed.  On  the  other  hand,  when  the 
wind  was  blowing  relatively  strongly  at  a  right  angle  to  the 
propagation  path,  the  conditions  were  thought  to  be 
homogeneous.  Finally,  both  geographical  locations  are 
representative  for  coastal  conditions. 

In  both  experiments,  the  geometry  of  the  path  was 
representative  of  over  the  horizon  propagation  conditions,  with 
changes  of  the  antenna  heights  due  to  the  tide  in  case  of 
LORIENT  89  (tidal  effects  are  negligible  in  the  Mediterranean). 
During  TOULON  90  campaign,  the  over-the-horizon  links  were 
completed  by  some  LOS  measurements  at  36  GHz  (see  Figure 
2). 

b)  RF  equipments 

The  propagation  measurements  were  performed  using 
seven  propagation  sets  operating  at  3.0,  5.6,  10.5,  16.0,  35.0, 
36.0  and  94.0  GHz.  In  addition,  Germany  (FGAN)  performed 
measurements  with  a  95  GHz  monopulse  radar.  During  both 
experiments,  the  radiolinks  were  operated  continously  during 
several  months,  allowing  analysis  of  the  data  on  a  statistical 
(long-term)  base. 


c)  Meteorological  sensors 

Various  meteorological  sensors  were  used  during  the 
two  campaigns : 

-  two  meteorological  stations  were  set  up,  one  at  each 
end  of  the  path,  to  supply  the  standard  meteorological  parameters 
needed  by  MBL  models  (ie  :  Tajr,  pressure,  relative  humidity  and 
wind  speed)  except  the  sea  temperature  (they  also  included  some 
other  parameters). 

-  a  meteorological  buoy  was  moored  near  the  middle 
point  of  the  path.  It  measured  the  same  set  of  meteorological 
parameters  as  the  weather  stations,  along  with  the  sea  temperature 
and  the  wind  direction,  the  latter  being  important  for  horizontal 
homogeneity  considerations. 

-  data  on  sea  surface  temperature  were  acquired,  as 
given  by  the  infrared  radiometer  on  the  transiting  satellite 
NOAA11. 

In  addition,  some  specific  meteorological  sensors  were 
used  during  the  TOULON  campaign  like  a  digital  thermometer 
and  a  psychrometer  to  check  the  reliability  of  the  other 
measurements.  Finally,  direct  measurement  of  the  air  refractivity 
was  performed  using  a  refractometer. 

Table  1  gives  the  differences  between  reference  data 
(those  delivered  by  the  psychrometer)  and  the  data  collected  by 
the  weather  stations.  Significant  discrepancies  are  noticed  in  the 
humidity  measurements,  which  prove  the  difficulty  to  get  reliable 
data  on  humidity. 

2.  LORIENT  93  campaign 

a)  Description  of  the  site 

Measurements  were  made  over  a  line-of-sight  10  km 
path  between  ILE  DE  GROIX  and  GAVRES,  on  the  Atlantic 
coast  (see  Figure  1  for  a  description  of  the  geographical  location 
of  the  experimental  site).  Again  some  coastal  influence  can  be 
expected,  especially  when  the  wind  was  blowing  from  the  North, 
or  from  the  North  West. 

b)  Description  of  the  RF  equipments 

The  purpose  of  this  latest  experiment  differed  from  that 
of  LORIENT  89  and  TOULON  90  campaigns.  In  fact,  the 
previous  experimental  work  of  PSG  focussed  on  amplitude 
effects  and  LORIENT  93  was  devoted  to  the  analysis  of  the 
distortions  of  the  phase-front,  due  essentially  to  multipath  which 
can  be  accompanied  by  ducting.  Thus,  RF  equipments  used 
during  LORIENT  93  are  specific  sensors  dedicated  to  angle-of- 
arrival  (AOA)  assessment,  like  arrays  or  monopulse  radars.  In 
addition,  the  previously  used  36  GHz  RF  link  was  used  for 
propagation  path  loss  assessment. 

Table  2  gives  a  brief  description  of  the  various  RF 
equipments  used  almost  continuously  during  the  four  weeks  of 
LORIENT  93  campaign.  During  the  campaign,  observations  of 
refraction  effects  in  the  IR  and  the  visible  were  also  performed, 
which  could  be  interesting  for  comparison  between  radiowaves 
and  IR  ( refractive  effects  are  not  the  same  in  both  cases).  A  GPS 
receiving  set  was  also  provided  for  the  analysis  of  propagation 
effects  on  its  signal  at  grazing  angles. 


REFERENCE 

TEMPERATURE 

HUMIDITY 

PRESSURE 

SIMOUN  STATION 

+  1.4°  C 
(average) 

between  +  3  and 
+  15  % 

-  3  HPa 
(average) 

NATO  STATION 

‘  +  1°C 

(average) 

between  -  2  and 
+  25% 

+  5  HPa 
(average) 

BUOY 

between  -  0.6 
and- 1.5°  C 

between  -  2  and 
23% 

|5PI<1  HPa 

Table  1:  Difference  between  reference  data  (psychrometer) 
and  data  collected  by  the  weather  stations 
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SYSTEMS 

PROVIDED  BY 

LOLE'll  A:  8  +  1  elements  receive  array  at  10.5  GHz  and 
transmitter;  2  elements  interferometer  at  16  GHz  and 
transmitter  ;  IR  camera  and  recorder 

FEL-TNO  (NL) 

Monopulse  receiver  at  35  GHz  and  transmitter 

Monopulse  receiver  at  94  GHz  and  transmitter 

FGAN  (GE) 

4  elements  receive  array  at  35GHz  and  transmitter 

GPS  receiver  for  grazing  angle  analysis 

CERT-ONERA  (FR) 

Line-of-sight  system  at  36  GHz 

CELAR  (FR) 

Table  2:  Radiofrequency  equipments 


c)  Description  of  the  meteorological  sensors  (cf.  Table  3) 


The  two  weather  stations  and  the  meteorological  buoy, 
used  in  the  previous  campaigns,  were  used  again  durinf 
LORIENT  93.  But  additional  sensors  have  been  used  during  this 
latest  campaign  :  among  them,  an  upper-air  measurement  system 
consisting  of  radiosondes  launched  by  balloons  filled  with  helium 
along  with  the  transmitting/receiving  and  storage  package  has  to 
be  noticed.  In  fact,  after  the  analysis  of  the  data  measured  during 
LORIENT  89  and  TOULON  90,  the  inclusion  of  a  more  detailed 
upper  air  structure  in  prediction  models  was  recommended. 

One  has  to  notice  also  the  use  of  another  buoy,  during 
LORIENT  93,  dedicated  to  the  measurement  of  the  instataneous 
wave  height;  since  phase  front  distorsions  are  strongly  related  to 
multipath  effects,  knowledge  of  the  sea  state  is  in  fact  of  great 
importance. 


Evaporation  duct  height  statistics 

Concerning  LORIENT  89.  histograms  of  evaporation 
duct  height  calculated  by  BULK-CELAR  and  PAULUS  methods 
are  presented  in  Figure  3.  They  dilfer  radically  from  predictions 
derived  from  the  Engineer'  s  Refractive  Effects  Prediction 
System  (EREPS)  Surface  Duct  Summary  (SDS)  computer 
program.  In  the  latter  the  distribution  of  evaporation  duct  height 
is  derived  from  15  years  of  surface  meteorological  observations 
made  by  ships  at  sea  for  10  degrees-by-10-degrees  areas  of  the 
world  known  as  Marsden  Squares  (MS).  Using  BULK  - 
CELAR,  the  mean  duct  height  is  6.1  m,  while  it  is  8.2  m 
according  to  the  SDS.  The  atypical  form  of  the  measured 
distributions  is  due  to  the  unusually  fine  weather  encountered 
during  the  test  period  and  the  short  timescale  of  the  trial  that  is  not 
representative  of  conditions  met  in  an  "average"  year. 


EQUIPMENTS 

PROVIDED  BY 

.  NATO  weather  station  with  rain  gauge  and  computer 
storage 

.  Refractive  index  "profiler"  ;  3  altitudes  measurement 
system 

FEL-TNO  (NL) 

.  Pulsonic  weather  station 
.  Riding  buoy 
.  Spectropluviometer 

CELAR  (FR) 

.  Upper-air  measurement  system  :  radiosondes  launched  b> 
balloons  filled  with  helium 

NCCOSC(US) 

DREV(CA) 

Table  3:  Meteorological  equipments 


IV  -  SOME  TYPICAL  RESULTS 

1  1  .ORIENT  89  and  TOULON  90  campaigns 
a)  Meteorological  data 
Occurence  frequency  of  events 

Table  4  gives  the  occurrence  frequency  of  nine  criteria  related  to 
air  stability,  refractivity  gradients,  horizontal  homogeneity  and 
presence  of  hydrometeors. 

Analysis  of  stability 

Based  on  the  statistics  of  the  air-sea  temperature  difference, 
conditions  (in  terms  of  stability)  were  different  during  the  two 
campaigns  :  LORIENT  89  showed  a  majority  of  stable  cases 
(Tair  <  TSea  for  75  %  of  the  time),  while  during  the  three  months 
measurement  of  TOULON  90  about  40  %  of  the  time  stable 
conditions  were  observed.  The  vicinity  of  the  land  can  be  the 
reason  why  such  high  percentage  of  stable  cases  are  observed, 
when  conditions  are  often  unstable  in  open  sea  regions. 


Occurrence  of  surface-based  duct 

Later  analysis  of  all  the  meteorological  and  radio  data  enables  us 
to  make  an  estimate  of  the  periods  when  a  surface-based  duct 
could  be  prevailed.  These  periods  represent  3  %  of  the  total  time 
of  the  experiment  for  LORIENT  89,  and  14  %  for  TOULON  90. 
These  percentages  agree  quite  well  with  the  known  statistics  [9]. 
However,  the  need  of  specific  equipment  for  a  more  detailed 
description  of  upper-air  structure  has  also  been  demonstrated 
during  both  experiments. 

Subrefraction 

In  general,  subrefraction  is  likely  to  occur  under  very  stable 
atmospheric  conditions  associated  with  high  humidity  and  often 
low  visibility.  This  was  the  case  during  the  LORIENT  89 
campaign  and  situations  where  dM/dz  was  greater  than  118  M 
units/km  represent  25  %  of  the  total  time,  and  where  it  was 
greater  than  157  M  units/km  12  %  of  the  time.  During  TOULON 
90  campaign,  subrefraction  was  much  more  frequent  and  dM/dz 
was  greater  than  1 1 8  M  units/km  only  0.4  %  of  the  time. 
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CRITERION 

LORIENT  CAMPAIGN 
Occurrence  frequency 
of  events 

(in  %  of  the  total  dura-  tio 
of  the  experiments) 

TOULON  CAMPAIGN 
Occurrence  frequency 
of  events 

i  (in  %  of  the  total  dura¬ 
tion  of  the  experiments) 

estimated  surface-based  ducts 

3 

14 

measured  subrefraction 

(path  loss  greater  than  diffraction  loss) 

25  at  3  GHz 

13  at  10.5  GHz 

11.5  at  36  GHz 

8  at  3  GHz 

0.4  at  10.5  GHz 

0.15  at  36  GHz 

dN/dz>118  N/km 

(calculated  by  bulk-CELAR  model) 

25 

0.4 

dN/dz>157  N/km 

(calculated  by  bulk-CELAR  model) 

12 

0.04 

neutral  conditions 
(IASTDI<0.5°) 

13 

33 

unstable  conditions 
(ASTDcO) 

24 

60 

very  unstable  conditions 
(ASTD<-2°  C) 

4 

6 

homogeneous  situation 

29 

9 

rain  or  fog  situation 

30 

0.8 

Table  4:  Occurrence  frequency  of  events  for  the  two  campaigns 


campaign  and  situations  where  dM/dz  was  greater  than  118  M 
units/km  represent  25  %  of  the  total  time,  and  where  it  was 
greater  than  157  M  units/km  12  %  of  the  time.  During  TOULON 
90  campaign,  subrefraction  was  much  more  frequent  and  dM/dz 
was  greater  than  1 1 8  M  units/km  only  0.4  %  of  the  time. 

Presence  of  horizontal  homogeneity 

Essentially  because  of  the  proximity  of  the  shore,  the  propagation 
conditions  sometimes  vary  significantly  along  the  link.  An 
"homogeneous  situation"  criterion  was  therefore  considered 
based  principally  on  the  wind  speed  and  the  wind  direction. 
According  to  it,  the  percentage  of  time  where  the  situation  is 
homogeneous  is  very  low,  as  given  in  Table  4.  This  means  that 
most  of  the  time  the  conditions  were  nonhomogeneous  along  the 
path,  which  is  typical  of  coastal  regions. 

b)  Radio  propagation  data 

Cumulative  probability 

Concerning  the  LORTENT  89  campaign,  a  study  of 
enhancement  factors  (  measured  path  loss  relative  to  diffraction 
loss  )  shows  that  50  %  of  the  time,  the  enhancement  at  3  GHz 
was  more  than  5  dB,  and  10,  10  and  6  dB  at  5.6,  35.0  and  94.0 
GHz  respectively.  Enhancements  larger  than  10  dB  are  observed 
19  %,  48  %,  70  %,  70  %,  50  %  and  21  %  of  the  time  at  3.0, 
5.6,  10.5,  16.0,  35.0  and  94.0  GHz  respectively.  An 
explanation  for  the  distinct  behaviour  at  the  different  frequencies 
can  be  given  with  the  PC-PEM  predictions  (using  PE  method)  of 
Figure  5.  Maximum  enhancement  factors  of  18-20  dB  and  16-18 
dB  for  10.5  and  16.0  GHz  respectively  indicates  the  presence  of 
duct  heights  of  about  6m.  At  the  higher  frequencies  (35  and  94 
GHz)  the  maximum  overall  enhancement  at  such  duct  heights  is 
smaller  and  the  signal  fluctuation  as  a  function  of  the  duct  height 
and  tide  becomes  significant.  Indeed,  the  analysis  of  the  36  GHz 
data  reveals  that  the  path  loss  varied  by  more  than  40  dB,  while 
the  maximum  received  signal  reached  the  free  space  level. 

Moreover,  when  ducting  effects  are  observed  at  the  lower 
frequencies,  large  fluctuations  in  the  94  GHz  signal  level  are 
observed  around  the  level  obtained  without  ducting.  It  appears 
that  turbulence  in  the  low  troposphere  diminishes  the  duct  effects 
at  this  frequency. 

Concerning  TOULON  90  campaign,  the  cumulative 
distribution  of  enhancement  factor  was  analysed  for  all 
frequencies.  For  lower  frequencies,  the  enhancement  ranges 
between  0  and  40  dB,  with  more  than  10  dB  enhancement 
measured  during  58  %,  75  %,  93  %,  95  %,  97  %  and  18  %  of 
the  time,  respectively.  This  suggests  large  duct  heights,  which 
indeed  have  been  observed. 


Once  again,  an  inspection  of  the  received  signal  strength 
versus  time  shows  a  very  strongly  fluctuating  signal  at  94  GHz, 
most  of  the  time.  Also  at  35  GHz  there  are  fluctuations  but  much 
less. 

Finally,  a  comparison  of  the  data  related  to  the  French  36 
GHz  link  with  those  related  to  the  German  35  GHz  link  shows 
directly  the  influence  of  the  1  m  higher  position  of  the  36  GHz 
receiver.  Obviously,  the  path  loss  measured  by  the  latter  are  less 
on  average  than  those  for  the  35  GHz  link. 

Comparison  of  predictions  and  measurements 

Long-term  predictions 

MLAYER  (based  on  a  modal  approach  )  has  been  used 
with  a  neutral  evaporation-duct  profile  (which  is  log-linear) 
weighted  by  the  annual  evaporation  duct  height-percent- 
occurrence  distribution  to  give  the  accumulated  frequency 
distributions  of  absorption-free  path  loss,  which  are  then 
compared  to  the  measured  distributions.  Figure  6  shows  the 
results  at  16  and  94  GHz,  for  the  LORIENT  89  campaign.  The 
comparisons  between  predictions  and  measurements  are  excellent 
up  to  and  including  16  GHz.  Thus,  a  system  designer  could  use 
such  long-term  theoretical  predictions  to  assess  possible 
interference  effects  on  existing  systems,  for  example. 

At  35  and  94  GHz,  the  predictions  generally 
underestimate  the  path  loss  by  5  to  7  dB.  However,  the  shape  of 
the  predicted  and  measured  curve  are  similar,  which  may  indicate 
that  gaseous  absorption  is  underestimated  in  models.  Other 
possible  explanations  for  the  differences  at  the  highest 
frequencies  may  be  : 

-  surface  roughness  effects,  which  are  likely  to  increase 
the  predicted  path  loss ; 

-  horizontal  homogeneity  of  the  meteorology  along  the 
path  affecting  absorption ; 

-  the  shape  of  the  evaporation  duct  M  profile  near  the 
surface  which  has  a  stronger  effect  as  the  frequency  increases  ; 

-  more  probably  a  combination  of  all  these  factors. 

Generally  speaking,  the  conclusions  are  the  same  for  the 

TOULON  90  campaign.  Good  long-term  predictions  up  to  16 
GHz,  and  poorer  results  for  the  millimeter  waves.  However,  for 
the  3  and  5.6  GHz  cases,  the  predictions  generally  overestimate 
the  measured  path  loss,  particularly  near  free-space  levels.  This 
might  be  attributed  to  the  presence  of  elevated  layers.  So,  once 
again  the  need  of  a  detailed  description  of  upper  air  structure  is 
recommanded. 

Short-term  predictions 

For  every  10  minutes,  the  path  loss  predictions  were 
calculated  using  the  meteorological  data  of  the  buoy,  the 
PAULUS  model  and  PC-PEM. 


27-5 


In  the  case  of  LORIENT  89,  the  calculated  overall  rms 
deviations  are  6.3,  6.8,  6.5,  6.6,  7.5  and  6  dB  respectively  for 
the  frequencies  in  ascending  order.  Then,  we  can  conclude  that 
the  short-term  predictions  are  not  as  good  as  long-term 
predictions. 

In  the  case  of  TOULON  90,  the  short-term  predictions  are 
even  poorer,  since  the  calculated  overall  rms  deviations  are 
respectively  11.8,  11.2,  8.8.  9.1,  7.6  and  10.4  dB.  Larger 
differences  were  observed  at  the  lower  frequencies  (3.0  and  5.6 
GHz).  The  presence  of  other  types  of  ducts  (elevated  layers)  than 
the  evaporation  duct  is  thought  to  be  the  cause.Indications  are  that 
there  was  surface  duct  during  about  26  %  of  the  time. 

Generally  speaking,  it  can  be  concluded  that,  when 
calculating  the  refractivity  profile  based  upon  a  single  point 
measurements,  good  predictions  are  possible  if  we  consider  long¬ 
term  statistics.  For  short-term  analysis,  the  refractivity  profile 
should  be  measured  at  several  ranges. 

Another  way  to  proceed,  when  data  at  various  frequencies 
are  available,  consists  in  deducing  the  duct  height  from  path  loss 
measured  at  a  frequency  and  then  predicting  path  loss  at  the  other 
frequencies  using  this  duct  height.  In  the  context  of  the 

LORIENT  campaign,  the  use  of  the  3  GHz  data  to  estimate  the 
duct  height  reduced  discrepancies  significantly.  But  this  was  not 
the  case  for  the  TOULON  90  campaign  :  other  atmospheric 
structures  than  the  evaporation  duct  were  likely  to  prevail. 

It  is  obvious  that  in  general  short-term  predictions  are  not 
as  accurate  as  the  long  term  predictions.  However,  it  must  be 
noted  that  the  measurements  ranged  only  over  a  part  of  the  year 
and  that  the  geographical  location  of  both  sites  may  have  caused 
specific  land-induced  effects. 

Spectral  analysis 

The  fine  structure  of  the  refractivity  of  the  atmosphere 
varies  both  temporally  and  spatially,  causing  amplitude 
fluctuations  referred  to  as  scintillations.  However,  over-the- 
horizon  propagation  of  millimeter  waves  at  low  altitude  above  the 
sea  is  also  closely  linked  to  the  conditions  of  the  sea  surface  (i.e., 
the  sea  state). 

Main  conclusions  about  power  spectra  of  scintillations 
are: 

-  the  general  shape  of  the  fading  spectra  at  35  GHz  on  a 
over-the-horizon  path  and  at  36  GHz  on  a  line-of-sight  path  is 
essentially  the  same  for  the  higher  frequency  spectra  range 
(f>lHz) ; 

-  the  reflection  from  the  sea  does  not  seem  to  affect  the 
fading  densities  at  higher  spectral  frequencies  (f>l  Hz) ; 

-  the  power  spectra  are  pronounced  at  the  low-frequency 
end  and  power  spectra  densities  are  consistently  higher  at  shorter 
wavelength ; 

-  at  all  measured  frequencies  (10.5  GHz,  35.0  GHz,  36.0 
GHz  and  94.0  GHz)  the  spectra  follow  the  f  '8/3  power  law 
showing  excellent  agreement  with  the  theoretical  model  given  by 
Tatarski  [10] ; 

-the  power  spectra  of  signal  fading  in  the  lower  frequency 
range  (F<lHz)  are  closely  linked  to  the  conditions  of  the  sea 
surface.  When  the  sea  is  calm,  the  shape  of  the  power  spectrum 
shows  a  more  or  less  marked  spectral  density  peak  in  the  lower 
frequency  range  (around  0.1  Hz).  Due  to  signal  reflection  against 
the  sea  surface,  these  frequency  peaks  can  be  associated  with  the 
periodicity  of  the  swell.  When  the  sea  is  rough,  the  peaks  are 
smoothed  out  (except  at  10.5  GHz)  because  the  reflections  from 
the  sea  surface  at  shorter  wavelength  are  more  random. 

2.  LORIENT  93  campaign 

Either  on  a  long-term  statistical  base  or  related  to  case 
studies,  the  analysis  of  LORIENT  93  data  concentrates  on  AOA 
determinations  in  order  to  assess  the  phase-front  distortions 
effects  due  to  multipath  and  ducting  essentially,  and  also  to  the 
atmospheric  turbulence  in  the  case  of  the  millimeter  waves. 

Overall  data  analysis  has  not  yet  been  completed,  statistical 
results  are  not  yet  available,  and  so  we  present  here  only  a  case 
study  corresponding  to  28  September,  a  day  of  smooth  sea 
conditions.  Figure  7  gives  the  path  loss  and  AOA  measured  by 
the  Ku-band  interferometer  provided  by  TNO. 


Obviously  both  the  path  loss  and  the  AOA  highly  depend 
on  the  tide  height,  which  indicates  that  multipath  is  the  dominant 
mechanism  with  regard  to  phase-front  distortions  and  also  to  path 
loss.  Also  a  strong  correlation  between  AOA  and  path  loss  is 
noticed,  which  confirms  the  main  role  played  by  multipath 
effects.  In  contrast,  there  is  no  evidence  of  a  strong  correlation 
between  the  measured  duct  height  and  either  the  AOA  or  the  path 
loss.  The  calculation  of  the  interference  pattern  (due  to  multipath) 
at  5  h  00  UT  and  17  h  00  UT  shows  that  the  X-band  array  was 
situated  in  a  null  (destructive  interferences)  at  these  times.  Figure 
7  shows  that  the  measured  AOA  is  completely  erroneous,  at  these 
moments  Thus,  difficulties  encountered  by  tracking  systems 
operating  at  low  altitude  above  the  sea  surface  due  to  reflection 
are  well  illustrated  here. 

V  -  CONCLUSION 

This  paper  has  emphasized  the  availability  of  radiowave 
propagation  and  meteorological  data  provided  by  extensive 
experimental  cooperative  work  conducted  by  RSG8/PSG.  This 
material  has  allowed  an  assessment  of  refractive  and  multipath 
effects  on  systems  operating  in  a  maritime  environment,  near  the 
coast,  either  in  centimeter  or  in  millimeter  wavelengths. 

Main  conclusions  that  can  be  derived  from  3  main 
campaigns  are : 

-  with  regard  to  predictions,  obtaining  meteorological 
profiles  is  more  critical  than  using  them  in  propagation  models  ; 

-  for  cm-wave  systems,  use  of  existing  models  provides 
sufficient  prediction  performance  for  global  sensors  performance 
study,  while  short  term  data  is  not  as  accurate  but  can  be 
operationally  useful ; 

-  at  mm-waves,  poorer  prediction  performances  were 
obtained  even  for  global  sensor  performance  study.  It  is  thought 
to  be  due  to  the  increasing  sensitivity  of  the  refractive  profiles  and 
duct  height  on  the  path  loss  computation  as  the  frequency 
increases  and  also  to  the  insufficient  characterization  of  sea-state 
effects. 

Also  the  work  performed  by  RSG8/PSG  allows  one  to 
analyse  the  implications  on  military  systems: 

-multipath  and  refractivity  gradients  permanently  affect  the 
operations  of  cm-  and  mm-wave  naval  sensor  against  low-flying 
targets ; 

-for  naval  radar  systems,  ducting  leads  to  over-the-horizon 
detection  of  low-flying  targets.  However,  for  short  and  medium 
ranges  the  probability  of  detection  may  be  degraded  at  ranges 
depending  on  the  geometry  of  the  path  ; 

-refractive  effects  can  modify  the  target  acquisition  range  of 
missile  seekers  and  affect  the  ship's  ECM  effectiveness  ; 

-under  ducting  conditions  active  systems  can  be  detected  at 
longer  ranges  (OTH)  by  Electronic  Warfare  Support  Systems 
(ESM) ; 

-better  performance  of  radar  or  communication  systems 
should  be  obtained  through  frequency  agility  or  diversity, 
antenna  height  diversity  and  applying  advanced  processing  array 
antennas  and  adaptative  signal  processing. 
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Figure  2  :  Toulon  90  propagation  path 
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Figure  3  :  Duct-height  histograms  for  Lorient  89  ;  different  MBL  modelling 
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Figure  4 :  Duct-height  histograms  for  Toulon  90  and  long  term  data  base 
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Figure  5  :  Path  loss  dependence  with  receiver  height  and  tidal  effects 
( PC-PEM  calculations ) 


Figure  6  :  Comparison,  at  16  and  94  GHz,  of  observed  path  loss 
with  predicted  values 
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Figure  7  :  Lorient  93:  Measured  path  loss  and  angle  of  arrival  at  16  GHz 
for  September  28  th. :  tidal  effect  with  smooth  sea 
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SUMMARY 

The  performance  of  radar  and  infrared  systems  in  a 
maritime  environment  is  strongly  dependent  on  the 
conditions  of  the  atmosphere  and  the  sea  surface.  In  the 
autumn  of  1993  an  experiment  was  set  up  by  the  NATO 
Research  Study  Group  AC/243  Panel3/RSG21  to  collect 
propagation  data  at  a  line-of-sight  propagation  path. 
Purpose  of  the  experiment  was  to  gain  knowledge  about 
the  behaviour  of  the  path  loss  and  angle  of  arrival  of  the 
signals. 

This  paper  presents  the  results  of  the  Dutch  contribution 
to  the  experiment  and  a  comparison  of  the  measurements 
with  model  predictions.  For  radar  in  the  line-of-sight 
situation  the  propagation  is  dominated  by  the  multipath 
interference  and  influenced  by  ducting.  Predictions 
performed  with  the  propagation  model  PCPEMC  [1]  and 
the  Bulk-CELAR  [2]  duct  model  show  satisfying  results 
for  the  position  of  the  nulls,  if  wind  speed  and  wave 
height  are  taken  into  account. 

Using  the  data  of  this  experiment,  a  synergism  between 
radar  and  IR  angle  of  arrival  could  not  be  proven. 

1  INTRODUCTION 

The  performance  of  radar  and  infrared  systems  in  a 
maritime  environment  is  strongly  dependent  on  the 
conditions  of  the  atmosphere  and  the  sea  surface.  The 
NATO  Research  Study  Group  AC/243  Panel3/RSG21  has 
conducted  a  measurement  campaign  near  Lorient,  France 
in  the  autumn  of  1993.  Purpose  of  this  measurement 
campaign  was  to  gain  knowledge  about  the  microwave 
and  infrared  propagation  low  above  the  sea  at  a  line-of- 
sight  propagation  path.  This  is  of  great  importance  for  the 
defence  of  ships  against  attacks  by  sea-skimming 
missiles.  Special  attention  was  paid  to  the  behaviour  of 
the  angle  of  arrival  for  radar  and  infrared  (IR)  signals 
under  the  influence  of  ducting.  The  measurements  at  the 
radar  frequencies  are  used  to  validate  propagation  model 
predictions. 

This  paper  is  based  on  the  propagation  data  measured  by 
the  Dutch  equipment  and  the  meteorological  data 
measured  by  a  buoy  halfway  the  propagation  path.  The 
microwave  equipment  consisted  of  an  interferometer 
system  at  16  GHz  and  an  antenna  array  system  at  10.5 
GHz.  The  IR  measurements  were  recorded  with  a  line 
scanner  in  the  3-5  and  8-12  pm  infrared  bands. 

For  radar  applications  several  models  are  available  to 
predict  the  propagation  under  the  influence  of 
evaporation  ducting.  The  PCPEMC  model,  based  on  the 
parabolic  equation  method  is  able  to  calculate  the  phase 
and  amplitude  components  of  the  electromagnetic  wave 
propagation.  Input  to  this  model  is  the  duct  height 
calculated  by  a  bulk  measurement  model  from  the 
meteorological  data  measurements  at  the  propagation 


path.  These  models  and  the  expected  propagation 
behaviour  of  the  radar  signals  over  the  propagation  path 
are  presented  in  section  2. 

The  experiment  is  described  in  section  3.  There,  the 
microwave  and  the  IR  equipment  are  explained  briefly. 
Also  the  location  at  the  Atlantic  ocean  coast  with  the 
specific  meteorological  conditions  encountered  during  the 
experiment  is  described. 

The  experimental  results  are  given  in  section  4.  This 
includes  a  comparison  between  microwave  measurements 
and  performed  model  predictions.  The  IR  angle  of  arrival 
measurement  results  are  also  studied  in  this  section. 

In  section  5  some  conclusions  are  drawn  about  the  angle 
of  arrival  behaviour  for  both  radar  and  IR. 

2  RADAR  PROPAGATION 

2.1  Theory 

At  the  line-of-sight  measurement  configuration  used,  the 
propagation  conditions  are  mainly  determined  by 
multipath.  At  the  receiver  location,  the  phase  difference 
between  direct  waves  from  the  transmitter  and  waves 
reflected  at  the  sea  surface  creates  a  regular  vertical 
lobing  pattern  of  the  electromagnetic  field.  If  the  direct 
and  reflected  waves  have  about  the  same  phase,  the 
values  add  up;  if  the  direct  and  reflected  waves  have 
opposite  phases,  this  results  in  cancellation  of  the 
electromagnetic  fields.  As  a  consequence,  high  path 
losses  at  certain  altitudes  occur.  The  locations  of  these 
high  path  losses  are  called  interference  nulls. 

This  field  pattern  caused  by  multipath  is  altered  by  a 
change  in  the  structure  of  the  atmosphere.  Above  sea  the 
propagation  is  nearly  permanently  determined  by  the 
presence  of  an  evaporation  duct.  This  is  a  trapping  layer 
caused  by  the  characteristic  refractivity  profile  in  the 
lower  atmosphere  due  to  the  evaporation  of  the  sea  water. 
The  evaporation  duct  is  characterised  by  its  duct  height. 
Under  influence  of  the  evaporation  duct,  the  entire  lobing 
pattern  is  bent  downwards.  This  means  that  the  height  of 
an  interference  null  decreases  with  increasing  duct  height. 

For  the  used  land-based  measurement  system  also  the  tide 
has  influence  on  the  propagation  between  transmitter  and 
receiver  because  their  effective  heights  above  the  sea 
level  change.  From  the  point  of  view  of  the  receiver,  the 
interference  pattern  is  lifted  with  increasing  tide  level. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 


28-2 


AOA  (degrees) 


duct  height  (m) 


Fig.  1  PCPEMC  angle  of  arrival  predictions  for  Ku-band  situation. 
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Fig.  2  PCPEMC  path  loss  predictions  for  Ku-band  situation. 
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2.2  Modelling 

The  modelling  of  the  propagation  is  performed  in  two 
steps,  as  depicted  in  the  next  scheme. 

air  temperature 
sea  temperature 
wind  speed 
relative  humidity 


DUCT  HEIGHT  MODEL 

wind  speed 
tide  level 
wave  height 
equipment  specs  1 

PROPAGATION  MODEL 

path  loss  &  phase 

First  the  duct  height  model  determines  the  refraction 
profile  of  the  lower  atmosphere  based  on  the  temperature 
of  the  sea  and  the  parameters  describing  the  condition  of 
the  air  at  one  altitude  ("bulk"  measurement)  above  the  sea 
level.  This  results  in  a  duct  height  value.  There  are  a 
number  of  models  calculating  the  duct  height  using  the 
"bulk"  measurement  method.  They  are  all  based  on  the 
Monin-Obukhof  [3]  boundary  layer  theory.  In  an  unstable 
atmosphere  (air  temperature  lower  than  sea  temperature) 
they  all  give  similar  results. 

The  second  step  of  the  modelling,  the  theoretical 
predictions  of  path  loss  and  angle  of  arrival  is  performed 
with  a  propagation  model.  There  are  a  number  of 
propagation  models  available  as  described  in  [4].  For  the 
Lorient  experiment  the  PCPEMC  propagation  model  is 
used.  This  model  based  on  the  parabolic  equation 
calculation  is  a  version  of  PCPEM,  adapted  to  produce 


the  phase  information  apart  from  the  path  loss 
information.  Input  to  the  model  are  the  variable  values  of 
duct  height,  the  wind  speed,  the  tide  level,  the  wave 
height  and  the  equipment  specifications. 

The  tide  level  and  wave  height  are  used  as  a  correction  on 
the  transmitter  and  receiver  height. 

The  figures  1  and  2  show  some  results  of  the  angle  of 
arrival  and  path  loss  calculated  for  the  Ku-band  situation 
using  the  PCPEMC  predictions.  For  three  tide  levels  at 
the  used  measurement  configuration  the  predictions  are 
calculated  over  a  duct  height  range  from  6  to  16  metres. 
In  the  figures  three  wind  speed  situations  are  marked  by 
the  different  line  types.  The  solid  line  for  a  5  m/s  wind 
speed,  the  dotted  line  for  7.5  m/s  and  the  dashed  line  for 
10  m/s. 

Extreme  values  of  the  angle  of  arrival  only  occur  when 
the  receiver  is  in  an  interference  null,  which  can  be 
correlated  with  the  high  path  loss  value.  In  all  three  tide 
cases  this  is  the  same  null  which  occurs  at  the  receiver  at 
a  different  duct  height,  according  to  the  tide  and  duct 
height  theory  in  2.1.  In  a  null  the  direction  and  magnitude 
of  the  angle  of  arrival  is  strongly  dependent  on  the  wind 
speed.  The  wind  speed  influences  the  reflection 
coefficient  at  the  sea  surface.  If  the  receiver  is  not  in  a 
null  the  angle  of  arrival  is  slightly  positive  (which  means 
propagation  slightly  downwards)  and  nearly  constant  in 
value.  At  the  6  to  16  metre  duct  height  range  a  small 
decrease  in  angle  of  about  .02  degree  was  observed. 

In  the  path  loss  figure  one  can  see  that  the  wind  speed 
changes  the  depth  of  the  nulls. 

3  DESCRIPTION  OF  THE  EXPERIMENT 

The  experiment  is  performed  to  investigate  situations  for 
the  defence  of  warships  against  attacks  by  sea-skimming 
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missiles  at  a  line-of-sight  distance.  For  this  purpose  the 
location  near  Lorient  was  ideal  with  an  island  at  about  10 
kilometres  from  a  peninsula  at  the  Atlantic  ocean  coast. 

The  measurements  have  been  performed  at  10.5  GHz  and 
16  GHz. 

The  equipment  consisted  of  separate  transmitter  and 
receiver  combinations  instead  of  radars.  This  has  the 
advantage  of  a  large  cost  reduction  and  a  more  reliable 
non-stop  performance. 

Both  transmitters,  consisting  of  a  continuous  wave  (CW) 
source  and  a  large  parabolic  reflector  antenna  mounted  on 
a  steady  frame,  were  located  on  the  island  lie  the  Croix,  at 
a  height  of  about  15  metre  above  average  sea  level. 

The  receivers  were  positioned  at  the  beach  of  the 
peninsula  of  Gavres  separated  from  the  transmitters  by 
9.7  kilometres  of  open  sea.  They  were  mounted  on  top  of 
a  cabin  containing  the  registration  equipment  at  a  height 
of  about  10  metres  above  average  sea  level.  Both 
receivers,  specially  build  to  derive  power  and  phase 
information  from  the  received  signal,  worked  with 
different  techniques. 

The  16  GHz  interferometer  consisted  of  a  2  element 
vertical  array.  The  array  elements  were  pyramidal  horns 
with  a  24  cm  aperture  connected  to  the  receiver  with  a 
90°  hybrid  component.  From  the  output  signals  of  the 
hybrid  the  amplitude  and  phase  information  of  the  signals 
received  by  the  two  antennas  can  be  derived. 

The  output  signals  of  the  hybrid  were  registered  by  a 
computer  with  an  AD-converter,  and  processed 
afterwards. 

The  10.5  GHz  signal  was  received  by  a  vertical  array  of 
10  horizontally  polarised  microstrip  antenna  elements. 
The  centre  8  elements  were  used  for  the  actual  signal 
measurements.  The  receiver  is  coherent,  with  the  phases 
of  the  received  signals  of  each  of  the  eight  elements 
determined  with  respect  to  the  phase  of  the  top  element. 
The  eight  antenna  elements  can  be  sequentially  linked 
with  a  common  receiver  channel  through  a  multiplex  PIN 
diode  switch.  A  measurement  scan  of  the  eight  antenna 
elements  is  executed  in  1  millisecond,  fast  enough  to 
consider  it  as  an  instantaneous  measurement.  The  eight 
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antenna  signals  are  processed  and  stored  in  memory  in  a 
12  bits  I  and  Q  format. 

The  angle  of  arrival  (AOA)  is  calculated  from  the  phase 
data  by 

AOA=ARCSIN  ’ 

in  which  d®  is  the  phase  difference  between  the  antenna 
signals,  D  the  distance  between  the  antennas  and  X  the 
wavelength  of  the  received  signal.  The  maximum 
unambiguous  angle  of  arrival  range  for  the  16  GHz 
interferometer  is  ±  2.4°  and  for  10.5  GHz  ±  7.2°  if  the 
antenna  is  configured  as  two  arrays  of  four  adjacent 
antennas. 

The  radar  propagation  measurements  at  both  frequencies 
are  performed  every  5  minutes.  To  eliminate  small 
disturbing  effects  like  those  from  small  waves,  every 
measurement  consist  of  a  sequence  of  samples. 

At  16  GHz  eight  samples  of  the  two  channels  are  taken 
with  an  interval  of  10  pseconds  to  get  one  record.  Ten  of 
these  are  taken  at  an  1  second  interval.  This  data  is 
averaged  to  get  one  measurement. 

At  10.5  GHz  sixteen  scans  of  the  eight  antennas  are  taken 
directly  after  each  other  to  get  one  record  in  16  mseconds. 
Ten  of  these  records,  taken  with  an  1  second  interval  are 
averaged. 

IR  measurements  were  performed  simultaneously  with 
the  radar  measurements  over  the  same  9.7  kilometre  path. 
The  measurements  were  recorded  with  the  TNO-FEL 
WBS-3  line  scanner  in  the  3-5  and  8-12  pm  infrared 
bands.  This  instrument  was  positioned  next  to  the 
receivers  on  the  mainland.  The  IR  sources  were  placed  at 
two  heights  on  the  island,  one  next  to  the  radar 
transmitters  at  about  15  metres  and  one  higher  on  the  cliff 
at  about  38  metres  above  average  sea  level.  The  positional 
accuracy  of  the  instrument  was  0.35  mrad.  IR- 
measurements  were  performed  only  over  short  periods  of 
the  day  for  several  reasons:  the  line  scanner  needs  regular 
maintenance  during  measurements,  it  cannot  operate 
during  rain  and  the  data  processing  has  to  be  performed 
manually. 
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Fig. 3  Occurrence  of  the  nulls  at  X-band  with  Paulus  duct  height 
and  no  tide  correction. 


Fig.4  Occurrence  of  the  nulls  at  X-band  with  Bulk-CELAR 
duct  height  and  wave  height  correction  on  tide. 
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Halfway  the  propagation  path,  two  French  buoys  were 
anchored:  a  waverider  buoy  to  measure  the  wave 
spectrum  of  the  sea,  and  a  meteorological  buoy  to  collect 
the  data  necessary  for  the  duct  modelling.  The 
meteorological  buoy  recorded  the  air  and  sea  temperature, 
wind  speed,  air  humidity,  and  also  the  solar  flux  and  wind 
direction  as  supplementary  information. 

At  this  part  of  the  Atlantic  Ocean  the  tidal  variation  is 
large.  It  can  reach  values  of  up  to  5  meters.  This 
information  is  registered  at  a  local  weather  station  at  the 
coast. 

4  EXPERIMENTAL  RESULTS 

The  weather  conditions  during  the  experiment  were  rough 
for  the  time  of  the  year.  There  were  periods  with  storms 
and  the  amount  of  rainfall  was  twice  the  normal  amount 
at  the  end  of  September  and  even  three  times  the  normal 
amount  for  October.  The  conditions  along  the  path  were 
representative  for  open  sea  conditions  because  the  wind 
direction  was  mainly  from  the  sea.  Therefore  the 
atmosphere  was  most  of  the  time  unstable,  indicating  an 
air  temperature  lower  than  the  sea  temperature,  and 
securing  a  reliable  prediction  of  the  duct  height.  More 
than  90  percent  of  the  duct  heights  were  between  6  and  16 


meters. 

A  way  to  validate  the  model  predictions  with  the 
measurements  is  to  consider  the  nulls.  As  indicated  by  the 
figure  1  and  2,  the  nulls  are  characterised  by  high  path 
loss  values  and  an  extreme  angle  of  arrival  behaviour.  For 
these  predictions  it  appears  that,  when  there  is  a  null  at 
the  receiver  for  specific  duct  and  tide  combinations,  the 
duct  heights  and  tides  seem  to  have  a  nearly  linear 
relation. 

Figures  3  and  4  show  the  relation  between  the 
measurements  and  predictions  for  the  nulls  at  X-band.  For 
these  figures,  situations  with  high  path  losses  and  extreme 
angles  of  arrival  have  been  selected  from  the 
measurement  data.  The  duct  and  tide  heights  at  these 
conditions  are  presented  by  points  in  the  figure.  The  line 
in  the  figure  indicates  the  PCPEMC  prediction. 

In  figure  3  the  actual  tide  height  and  the  duct  height 
calculated  with  the  Paulus  formulation  [5]  is  presented. 
The  correlation  with  the  model  prediction  in  the  figure  is 
very  poor,  in  all  cases  the  Paulus  duct  height  is  at  least 
four  metre  to  high.  This  corresponds  with  the  experiences 
at  former  propagation  experiments  on  over-the-horizon 
paths  [6], 
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Fig. 7  Ku-band  path  loss  of  28  September. 
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Fig.8  Ku-band  angle  of  arrival  of  28  September. 
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In  figure  4  the  duct  height  calculated  with  the  Bulk- 
CELAR  model  is  used,  this  results  in  smaller  duct 
heights.  The  tide  height  in  this  figure  is  corrected  with  the 
Hl/3  (significant)  wave  height  value  measured  by  the 
waverider  buoy.  This  shifts  the  points  measured  under 
rough  sea  conditions  to  the  right. 

The  correlation  between  these  measurements  and  the 
predictions  is  good. 

To  get  a  good  impression  of  the  overall  model 
performance,  the  results  of  the  model  must  be  compared 
with  the  path  loss  and  angle  of  arrival  for  a  wide  variety 
of  tides  and  meteorological  situations.  In  this  section  the 
results  of  one  representative  day  are  presented  in  detail. 
The  PCPEMC  predictions  at  X  and  Ku  band  of  28 


time  (hour  GMT) 


Fig. 9  Air  and  sea  temperature  at  28  September. 
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Fig.  10  Tide  variation  at  28  September, 
duct  height  (m) 
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Fig.1 1  Bulk-CELAR  duct  height  at  28  September. 


September  1993  are  calculated  for  every  hour  and 
compared,  with  the  measurement  data.  Although  only  one 
day  is  presented,  the  conclusions  are  based  on  the  general 
behaviour,  encountered  during  the  entire  measurement 
campaign. 

4.1  X-band  sample  day 

Figures  5  and  6  present  the  path  loss  and  angle  of  arrival 
(AOA)  at  X-band.  The  measurements  are  presented  by 
the  solid  line,  and  the  PCPEMC  predictions  by  the  points 
connected  by  the  dotted  line.  Unfortunately  there  is  some 
loss  of  measurement  data  due  to  calibration  and  back-up 
activities,  like  around  12:00  and  15:00  hour,  and  due  to 
locking  problems  like  at  5:00  hour.  The  PCPEMC 
predictions  are  performed  with  the  Bulk-CELAR  duct 
height  and  with  the  sea  level  corrected  with  the  Hl/3 
wave  height. 

Comparing  the  measured  and  predicted  path  loss  one 
observes  that  they  agree  well,  though  the  predicted  path 
loss  is  generally  a  few  dB  higher  than  the  measured  one. 
The  measured  nulls  are  predicted  at  the  right  time,  but 
they  are  not  as  deep  (high  path  loss  value)  as  predicted. 

Looking  at  the  measured  and  predicted  AOA,  one  also 
observes  a  prediction  of  the  nulls  (high  angles  of  arrival) 
at  the  right  time. 

For  the  measurement  configuration  used,  an  error  occurs 
at  low  tide  situations  because  the  individual  antenna 
elements  have  picked  up  reflections  from  the  beach.  This 
effect  is  minimised  by  configuring  the  eight  antenna 
elements  as  two  arrays  of  four  antennas,  thereby  limiting 
their  field  of  view,  but  it  still  results  in  a  negative  offset  at 
low  tide.  This  is  visible  between  7:00  and  9:00,  and 
between  18:00  and  24:00  hour. 

4.2  Ku-band  sample  day 

Figures  7  and  8  present  measured  and  PCPEMC  predicted 
path  loss  and  AOA  at  Ku-band.  Due  to  back-up  activities 
some  measurement  data  is  missing  between  9:00  and 
10:00  hour.  The  PCPEMC  predictions,  presented  by  the 
points  connected  with  the  dotted  line,  are  also  calculated 
with  the  Bulk-CELAR  duct  height  and  the  sea  level 
corrected  with  the  Hl/3  wave  height. 

Comparing  the  measured  and  predicted  path  loss  one 
again  observes  that  the  predicted  path  loss  is  generally 
only  a  few  dB  higher  than  the  measured  one,  apart  from 
the  times  when  nulls  occur.  The  measured  nulls  are 
predicted  at  the  right  time,  but  they  are  not  as  deep  (high 
path  loss  value)  as  predicted. 

The  measured  and  predicted  AOA  show  a  large 
difference.  Although  showing  the  same  trends,  the 
measured  AOA  is  much  larger  than  the  predicted  one.  If 
not  in  the  null,  the  deviation  is  about  a  factor  ten,  but  in 
the  null  it  is  much  smaller.  The  reason  for  this  large  AOA 
deviation  is  still  unknown.  It  is  probably  a  result  of  a 
wrong  system  calibration,  but  it  will  be  point  of  further 
research. 

Figures  9,  10  and  1 1  show  some  of  the  parameters  used 
for  the  modelling  at  28  September.  Figure  9  presents  the 
air  and  sea  temperature,  the  tidal  variation  is  presented  in 
figure  10  and  the  calculated  Bulk-CELAR  duct  height  in 
figure  1 1 . 

If  the  X  and  Ku  band  figures  are  compared  one  sees  very 
different  shapes.  For  this  day  the  nulls  at  the  two 
frequencies  manifest  at  different  moments,  but  that  is  no 
general  rule.  With  this  measurement  configuration  the 
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Fig. 12  IR  angle  of  arrival  difference  measured  in  the  4|i  band  at  28  September. 


angle  of  arrival  difference  (mRAD) 


model  predicts  no  simultaneous  nulls  at  the  two  bands  for 
the  duct  range  from  6  to  16  meters,  but  this  is  dependent 
on  the  heights  of  the  equipment  above  the  sea  level.  In 
general  we  can  conclude  that  the  model  performance 
concerning  the  prediction  of  the  nulls  is  satisfying.  In  an 
operational  situation,  a  radar  performance  prediction 
program  can  be  used  as  a  decision  tool  to  select  the  radar 
frequency  which  gives  optimum  performance  under  the 
actual  circumstances. 

4.3  Infrared  data 

At  the  same  day  the  IR  data  in  the  4p  and  lOp  bands  has 
been  measured  between  eight  and  sixteen  hour.  Although 
very  small,  the  IR  AOA  variation  at  this  day  was  more 
than  on  average.  The  figures  12  and  13  present  the  AOA 
difference  between  the  two  sources  (AAOA).  At  both 
bands  one  can  see  a  clear  decrease  in  AAOA  between 
eight  and  eleven,  followed  by  a  recovery  and  a  small 
increase.  Between  eight  and  nine  an  IR  subrefraction  case 
is  present.  This  correlates  with  the  large  negative  air  and 
sea  temperature  difference  early  in  the  day  (fig.9). 

A  direct  correlation  with  the  CELAR  duct  height  can  not 
be  found,  and  also  not  with  the  radar  AOA.  The  total 
measured  AAOA  variation  is  .8  mRAD  (  0.046  deg). 

5  CONCLUSIONS 

At  the  X  and  Ku-band  radar  line-of-sight  situation  the 
propagation  is  dominated  by  the  multipath  interference 
and  influenced  by  ducting. 


The  path  loss  shows  a  large  variation  due  to  the  lobing 
structure  of  the  interference  pattern.  The  angle  of  arrival 
is  slightly  positive  except  for  the  short  periods  when  the 
receiver  is  located  in  an  interference  null.  The  angle  of 
arrival  then  increases  very  fast,  to  values  of  up  to  more 
than  2  degrees.  Dependent  on  the  wind  speed  this  angle 
can  be  positive  or  negative. 

Predictions  have  been  performed  using  the  propagation 
model  PCPEMC  and  the  Bulk-CELAR  duct  model. 

These  model  predictions  based  on  simple  one  spot 
meteorological  measurements  show  satisfying  results  for 
the  position  of  the  nulls. 

Important  for  the  model  predictions  is  the  correction  of 
the  sea  level  with  the  wave  height. 

In  general  the  measured  path  losses  in  the  nulls  are  not  as 
high  as  predicted.  Accurate  prediction  of  the  angle  of 
arrival  in  the  null  is  not  possible  while  the  angle  of  arrival 
behaviour  is  very  critical. 

Angle  of  arrival  measurements  in  the  IR  band  are  also 
influenced  by  the  meteorological  conditions,  but  show  no 
extremities  as  in  the  radar  band.  The  behaviour  can  not  be 
correlated  with  the  radar  duct  height.  The  small  IR  data 
set  and  the  nearly  constant  stability  of  the  atmosphere 
does  not  allow  further  comparison. 

In  an  operational  situation,  a  radar  performance 
prediction  program  can  be  used  to  predict  the  occurrence 
of  interference  nulls  in  the  actual  environment.  The 
occurrence  of  these  nulls  can  then  be  remedied  by  either 


switching  to  another  radar  frequency  or  by  relying  more 

heavily  on  the  infrared  equipment. 
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DISCUSSION 


D.  DOCKERY 

1.  Were  wavelength  corrections  to  the  modelled  data  made  by  adjusting  antenna  heights  or 
by  using  a  rough  surface  in  the  PCPEM  model? 

2.  When  correcting  modelled  data  to  agree  with  measurements,  which  factor  was  more 
important:  incorporation  of  sea  height  (roughness  and  tide)  or  changing  to  the  Bulk-Celar  duct 
model? 

AUTHOR’S  REPLY 

1 .  The  wave  height  corrections  were  made  by  adjusting  the  transmitter  and  receiver  antenna 
heights. 

2.  Changing  to  the  Bulk-Celar  model  resulted  in  a  lower  duct  height  of  about  3-4  m.  The 
correction  for  significant  wave  height  was  somewhat  less  than  about  1  meter.  It  is  hard  to  say 
which  factor  is  more  important.  One  has  to  do  both. 

N.  DOUCHIN 

You  told  us  that  you  made  a  correction  for  wave  height.  Could  you  specify  how?  Did  you  a 
find  a  systematical  correction  factor  as  a  function  of  the  significant  wave  height  (H,/3)?  (Some 
people  are  taking  0.5  H,/3  as  "correction  factor"). 

AUTHOR’S  REPLY 

We  corrected  for  UVs.  Calculations  for  0.5  H%  did  not  improve  the  predictions  in  this  case. 
There  seems  to  be  no  consensus,  and  further  studies  are  needed. 
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RESUME 

La  determination  des  conditions  de  propagation,  pour  des 
systemes  evoluant  dans  la  CLSO  (Couche  Limite  de  Sur¬ 
face  Oceanique),  necessite  la  connaissance  du  profil  verti¬ 
cal  d’indice  de  refraction.  A  partir  de  mesures  meteorolo- 
giques  simples,  le  modele  PIRAM  (Profils  d’indice  de  Re¬ 
fraction  en  Atmosphere  Marine)  permet  de  calculer  ce 
profil  a  partir  des  profils  verticaux  de  temperature  et 
d’humidite. 

PIRAM  reprend,  moyennant  quelques  modifications,  la 
demarche  suivie  dans  le  modele  Bulk-CELAR  con<pu  ini- 
tialement  pour  les  radiofrequences.  Les  calculs  ont  ete  de- 
sormais  etendus  au  domaine  optique.  PIRAM  permet 
egalement  la  modelisation  du  profil  vertical  du  parametre 
de  structure  de  Pindice  de  refraction  de  Pair  (Cn2).  Cette 
nouvelle  modelisation  devra  etre  validee  par  des  donnees 
experimentales. 

A  proximite  des  cotes,  la  connaissance  des  profils  verti¬ 
caux  n’est  cependant  pas  toujours  suffisante,  en  raison  no- 
tamment  des  inhomogeneites  horizontales  du  canal  de 
propagation. 


I.  INTRODUCTION 

Les  performances  des  systemes  de  telecommunications 
navales  et  de  detection  des  cibles  evoluant  a  basse  altitude 
au-dessus  de  la  mer,  dependent  tres  etroitement  de  la 
structure  de  la  Couche  Limite  de  Surface  Oceanique 
(CLSO),  et  plus  particulierement  du  profil  vertical 
d’indice  de  refraction  de  fair. 

La  determination  du  profil  vertical  d’indice  de  refraction 
aux  frequences  radioelectriques  et  de  Pensemble  des  pro- 
fils  meteorologiques  verticaux  a  partir  de  la  connaissance 
locale  des  temperatures  de  l’eau  et  de  Pair,  de  Phumidite 
de  Pair  et  de  la  vitesse  du  vent  a  fait  l’objet  de  la  modeli¬ 
sation  "Bulk-CELAR"  ([1]).  La  determination  des  profils 
verticaux  de  temperature  et  d'humidite,  en  plus  du  classi- 
que  calcul  de  la  hauteur  du  conduit  d'evaporation,  est  im- 
portante  pour  obtenir  une  estimation  precise  de  l'absorp- 
tion  atmospherique  aux  longueurs  d'onde  millimetriques. 

Aucune  mesure  directe  des  profils  meteorologiques  verti¬ 
caux  n'a,  a  ce  jour,  ete  entreprise  de  fa?on  precise  dans  le 


but  de  tester  la  validite  du  modele  Bulk-CELAR.  Nean- 
moins  les  hauteurs  de  conduit  d'evaporation  deduites  de 
ce  modele  ont  permis  une  interpretation  globalement  satis- 
faisante  des  resultats  des  campagnes  de  propagation 
transhorizon  LORIENT  89  et  TOULON  90  ([2],  [3]). 

Par  ailleurs,  la  parametrisation  choisie  rendait  envisagea- 
ble  l'extension  du  modele  dans  deux  directions  : 

-  calcul  du  profil  d'indice  de  refraction  dans  le  domaine 
des  frequences  optiques, 

-  calcul  du  profil  vertical  du  parametre  de  structure  de 
l'indice  de  refraction,  Cn2, 

pour  aboutir  fmalement  au  modele  global  baptise  PIRAM 
(Profils  d'indice  de  Refraction  en  Atmosphere  Marine). 

De  plus,  et  dans  le  but  d'une  meilleure  prise  en  compte  des 
specificites  des  zones  coheres,  notamment  en  matiere  de 
stabilite  atmospherique,  nous  avons,  par  rapport  au  mo¬ 
dele  Bulk-CELAR  initial,  modifie  le  calcul  des  longueurs 
de  rugosite,  sans  pour  autant  accroitre  le  nombre  et  la  na¬ 
ture  des  parametres  d'entree  du  modele,  ce  qui  aurait  nui  a 
sa  simplicity  d'utilisation  operationnelle. 

Dans  la  suite  de  cet  article,  nous  commencerons  tout 
d'abord  par  rappeler  les  equations  de  base  des  methodes 
de  type  "bulk"  (partie  II).  Nous  insisterons  ensuite  sur  le 
choix  des  fonctions  de  stabilite  retenues  dans  le  modele 
PIRAM  (partie  III)  et  sur  le  delicat  probleme  du  calcul 
des  longueurs  de  rugosite  (partie  IV).  Dans  la  partie  V, 
nous  montrerons  comment  le  modele,  initialement  con?u 
pour  les  frequences  radioelectriques,  s'adapte  tres  facile- 
ment  au  domaine  optique.  Puis,  dans  la  partie  VI,  nous 
exposerons  les  differentes  etapes  et  les  hypotheses  neces- 
saires  a  la  determination  de  la  valeur  de  Cn2.  Enfin  (partie 
VII),  nous  aborderons  les  difficultes  de  modelisation  du 
canal  de  propagation  dans  les  regions  coheres,  notamment 
l'existence  d'inhomogeneites  horizontales  qui  rend  souvent 
delicate  l'extension  des  profils  verticaux  determines  a  par¬ 
tir  de  mesures  effectuees  en  un  point,  a  l'ensemble  d'une 
liaison  d'au  plus  quelques  dizaines  de  kilometres. 

II.  PRINCIPE  DE  LA  METHODE  BULK 
II-l  Position  du  probleme 

En  utilisant  les  hypotheses  de  la  theorie  de  Monin- 
Obukhov,  les  methodes  de  type  bulk  permettent  de  carac- 
teriser  completement  la  structure  des  basses  couches  de  la 
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troposphere  marine  a  partir  de  la  seule  connaissance  des 
parametres  suivants  (appeles  parametres  bulk) : 

-  temperature  de  surface  de  la  mer  (t0) 

-  temperature  de  fair  (ti),  humidite  relative  (HO,  pres- 
sion  atmospherique  (pO  et  vitesse  du  vent  (vj),  mesurees 
a  une  altitude  z\  de  l'ordre  de  quelques  metres. 

Dans  la  plupart  des  applications  concemant  la  propagation 
des  ondes  radioelectriques  en  atmosphere  marine,  ces  me- 
thodes  sont  utilisees  pour  determiner  la  hauteur  du  con¬ 
duit  d'evaporation  qui  existe  de  fagon  quasi  continuelle 
au-dessus  de  la  mer.  Le  modele  PIRAM,  tout  comme  son 
predecesseur  Bulk-CELAR,  est  plus  complet  car  il  calcule 
l'ensemble  des  profils  verticaux  de  temperature  (T), 
d'humidite  relative  (H),  de  vitesse  du  vent  (u)  et  de  coin¬ 
dice  de  refraction  (N).  La  connaissance  de  ces  profils  ver¬ 
ticaux  caracterise  completement  la  CLSO  tant  du  point  de 
vue  des  effets  de  la  refraction  que  de  l'absorption  atmo¬ 
spherique,  non  negligeable  dans  le  domaine  millimetrique 
([4]). 

II-2  Calcul  du  profil  vertical  d'indice  de  refraction  aux 
radiofrequences 

Le  coindice  de  refraction  de  fair  est,  aux  frequences  con- 
siderees  ici,  fonction  de  la  pression  atmospherique  p  (en 
HPa),  de  la  temperature  T  (en  K)  et  de  la  pression  par¬ 
ti  elle  de  vapeur  d'eau  e  (en  HPa)  : 

77,6  e 

N  =  —  (p  +  4810-)  (1) 

Dans  la  basse  troposphere,  la  pression  atmospherique  de- 
croit  lineairement  en  fonction  de  l'altitude  (notee  z  par  la 
suite),  avec  une  pente  de  -0,12  HPa/m.  Le  profil  vertical 
d'indice  de  refraction  pourra  done  etre  calcule  si  on  con- 
nait  les  profils  verticaux  de  temperature  et  d'humidite. 

Dans  la  CLSO,  supposee  horizontalement  homogene,  la 
theorie  de  Monin-Obukhov  se  traduit  par  les  equations 
suivantes  : 


du 

dz 


d0 

dz 


dq 

dz 


(2-a) 

(2-b) 

(2-c) 


avec  : 

9  temperature  potentielle  (9  =  T  +  9,86.z), 

e 

q  humidite  specifique  (q  =  0,622  —  ), 

P 

k  est  la  constante  de  Von  Karman  pour  laquelle  la  va- 
leur  0,4  semble  maintenant  unanimement  admise, 

u*,  6*  et  q*  constituent  les  echelles  de  vent,  tempera¬ 
ture  et  humidite  (u*  est  aussi  appelee  vitesse  de  frotte- 
ment), 

L  est  une  echelle  de  longueur  appelee  longueur  de 
Monin-Obukhov, 

et  sont  des  fonctions  universelles  pour  les- 
quelles  de  nombreuses  formulations  deduites  d'etudes  ex- 
perimentales  ont  ete  proposees  (voir  partie  III). 


La  longueur  de  Monin-Obukhov  est  donnee  par  : 


ou  Ton  a  : 

g  acceleration  de  la  pesanteur, 

9V  temperature  potentielle  virtuelle  definie  par : 

9V  =  Tv  +  9,86.1 0-3  z  avec  Tv  =  T.  (1  +  0,608q) , 
ce  qui  conduit  a  : 

6V*  *0*  +  O,6O80q  * 

la  notation  0V  (resp.  9)  designe  la  valeur  moyenne  sur 
l'epaisseur  de  la  CLSO;  en  pratique,  on  determine 
0V  (resp.  9)  en  assimilant  ces  moyennes  aux  valeurs  obte- 
nues  a  l’altitude  z,. 


L  est  en  outre  un  indicateur  de  stabilite.  Sa  valeur  est  po¬ 
sitive  (resp.  negative)  pour  une  atmosphere  stable  (resp. 
instable),  et  infinie  pour  une  atmosphere  neutre1 .  Dans  ce 
dernier  cas,  les  fonctions  Onl  et  <f>h  valent  simplement  1  et 
l'integration  des  equations  (2)  conduit  a  des  profils  loga- 
rithmiques. 


D'une  fagon  generate,  l'integration  des  equations  (2)  ne 
commence  pas  a  z  =  0,  mais  a  des  altitudes  notees  respec- 
tivement  z0u,  zot  et  z0q,  appelees  longueurs  de  rugosite. 
Compte  tenu  de  l'etat  de  surface  de  la  mer,  ces  longueurs 
de  rugosite  correspondent  aux  altitudes  a  partir  desquelles 
les  differents  parametres  cessent  d'etre  egaux  aux  valeurs 
relevees  a  l'interface  air-mer.  En  supposant  les  rugosites 
connues  (voir  partie  IV),  l'integration  de  (2)  conduit,  pour 
les  profils  verticaux,  aux  expressions  suivantes  : 


u(z)  =  ~  Ln(— )-^m(f)  (4-a) 

K  L  Z0u  L  J 

9(z)  =  0O  Ln(— )-¥h(f )  I  (4-b) 

k  L  z0t  L  J 

q(z)  =  qo+T"  Ln(— (4-c) 

k  L  ZQq  L  J 


avec,  par  definition,  et  en  posant  £=  ■ 


^h©  = 


=  |q-okOt 

A  ^ 


0O  et  q0  sont  calcules  connaissant  T0  et  en  supposant  une 
humidite  relative  de  1 00%  a  l'interface  air-mer.  Au  voisi- 
nage  de  cet  interface  on  a  de  plus  suppose  que  le  vent  est 
nul  (voir  partie  IV).  Les  equations  (4),  appliquees  a  l'alti¬ 
tude  Zi  oil  sont  mesures  les  parametres  bulk,  et  combinees 
avec  (3)  conduisent  a  un  systeme  de  quatre  equations  a 


1  En  premiere  approximation,  on  peut  considerer  que  l'at- 
mosphere  est  stable  si  la  temperature  de  fair  est  supe- 
rieure  a  la  temperature  de  l'eau,  et  instable  dans  le  cas 
contraire. 
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quatre  inconnues  :  les  parametres  d'echelle  u*,0*,q*,  L. 
Ce  systeme  doit  etre  resolu  de  fa5on  iterative.  Une  solu¬ 
tion  elegante  et  rapide  consiste  a  introduire  differentes  ex¬ 
pressions  du  nombre  de  Richardson  ([5]).  Une  fois  les  pa¬ 
rametres  d'echelle  determines,  l'equation  (1)  associee  aux 
equations  (4)  permet  le  calcul  du  profil  vertical  d'indice. 

II-3  Calcul  de  la  hauteur  du  conduit  d'evaporation 
aux  radiofrequences 

En  derivant  (1),  on  obtient  une  expression  du  gradient 
vertical  d'indice  de  la  forme  : 


dN  dp  d0  dq 

—  -a — +b — +c —  (6) 

dz  dz  dz  dz 

ou  a,  b,  c  sont  des  fonctions  de  (p,9  ,  q)  auxquelles  on 
peut  attribuer  des  valeurs  constantes  determinees  par  la 
connaissance  des  parametres  bulk. 


La  tres  forte  decroissance  de  l'humidite  dans  les  premiers 
metres  de  la  CLSO  suffit  a  elle  seule  a  expliquer  l'exis- 
tence  de  gradients  d'indice  inferieurs  a  -0,157  N/m,  valeur 
limite  d'existence  d'un  conduit  de  guidage  des  ondes  elec- 
tromagnetiques  qui  correspond  ici  au  conduit  d'evapora¬ 
tion.  La  hauteur  zc  de  ce  conduit,  si  celui-ci  existe,  est 
solution  de  : 
dN 

- =  -0,157  N/m  (7) 

dz 

Au-dessus  de  l'altitude  zc,  le  gradient  vertical  d'indice 
augmente  et  tend  en  general  (voir  partie  VII)  vers  une 
valeur  voisine  de  -0,039  N/m  qui  correspond  a  l'atmo- 
sphere  dite  standard. 


La  valeur  constante  de  - —  ainsi  que  les  expressions  (2-b) 
dz 

d0  dq 

et  (2-c)  de  —  et  —  conduisent  pour  zc  a  une  equation 
dz  dz 

qui,  pour  les  fonctions  universelles  <f>m  et  <J>h  les  plus  cou- 
ramment  usitees,  est  du  3eme,  voire  du  2en,c  degre,  done 
soluble  analytiquement.  Lorsque  l'equation  (7)  n'admet 
pas  de  solution,  on  conclut  a  Fabsence  de  conduit;  le  profil 
d'indice  calcule  peut  etre  alors  caracteristique  de  situations 
d 'infrarefraction  ou  de  proche  infrarefraction.  Dans  les  cas 
stables,  on  peut  parfois  obtenir  des  valeurs  tres  elevees 
pour  la  hauteur  de  conduit  qui  est  alors  fixee  arbitraire- 
ment  a  40  m  (voir  partie  suivante). 


in.  CHOIX  DES  FONCTIONS  DE  STABILITE 

De  nombreuses  formulations  semi-empiriques  des  fonc¬ 
tions  <£m  et  Oh  ont  ete  publiees  depuis  la  fin  des  annees 
60.  Elies  peuvent  conduire  a  des  hauteurs  de  conduit 
d'evaporation  sensiblement  differentes,  notamment  dans 
les  cas  stables. 

III-l  Cas  instables 

II  y  a  desormais  un  quasi  consensus  dans  la  litterature 
pour  affirmer  que  <t\„  et  d>h  doivent  avoir  la  forme  sui¬ 
vante  : 


cbm(^)  =  (l-M^)_1/4  (8-a) 

®h(4)  =  (1-  M'^)”1/2  (8-b) 

Recemment  EDSON  et  al  ([6])  ont  compare  plusieurs 
formulations  de  ce  type,  dont  celles  de  DYER  et  HICKS 
([7])  retenues  dans  le  modele  Bulk-CELAR,  a  des  obser¬ 
vations  experimentales  ,  notamment  des  mesures  de  flux 
turbulents.  Elies  conduisent  toutes  a  des  resultats  tres 
voisins  et  en  bon  accord  avec  les  mesures.  La  pertinence 
de  notre  choix  initial  est  done  a  posteriori  renforcee,  et, 
dans  le  modele  PIRAM,  nous  conserverons  done  : 

Om(4)  =  (1- 16^)“1/4  (9-a) 

Oh©  =  (l-16^)“1/2  (9-b) 

in-2  Cas  stables 

En  plein  ocean,  les  situations  atmospheriques  stables  sont 
assez  peu  probables.  Neanmoins,  elles  peuvent  etre  ren- 
contrees  pendant  un  pourcentage  non  negligeable  du 
temps,  dans  les  mers  chaudes  ou  a  proximite  des  cotes 
(voir  partie  VII).  Leur  modelisation  est  cependant  delicate 
car  l'epaisseur  de  la  CLSO,  au  sein  de  laquelle  sont  valides 
toutes  les  relations  ecrites  au  §11,  peut  ne  pas  exceder 
quelques  metres.  C'est  done  d'une  fafon  totalement  arbi- 
traire  et  abusive  -  faute  de  mieux  -  que  Ton  a  coutume 
d'appliquer  les  methodes  bulk  pour  decrire  la  structure 
atmospherique  dans  les  quarante  premiers  metres  d'alti- 
tude. 

Dans  la  mesure  ou  la  theorie  de  Monin-Obukhov  reste 
applicable,  EDSON  et  al  ([6])  preconisent  les  relations 
suivantes  : 

<Pm  (£)  =  Oh  (O  =  1  +  avec  5  <  M  <  9  (10) 

Dans  ces  conditions,  l'equation  (2-b)  conduit  a  un  gradient 
de  temperature  toujours  strictement  positif,  quelque  soit 
l'altitude.  Or,  si  pour  les  cas  stables  ,  la  temperature  croit 
dans  les  premiers  metres,  on  s'attend  intuitivement  a  ce 
qu'elle  redevienne  a  peu  pres  constante  par  la  suite;  on  a 
d0 

alors  —  *0  des  que  l'altitude  atteint  quelques  dizaines  de 
dz 

metres.  Ceci  est  possible  en  choisissant  pour  <J>m  et  <J>h  des 
expressions  proposees  par  KONDO  ([8])  : 

<tm(0  =  <M£>  =  i+77  (ii) 

i +£, 

Aux  altitudes  les  plus  basses,  ces  relations  sont  bien  com¬ 
patibles  avec  la  forme  donnee  par  (10).  L'utilisation  de  ces 
fonctions  de  stabilite  a  permis  d’interpreter  les  donnees 
des  campagnes  de  LORIENT  89  et  TOULON  90,  meme 
en  presence  de  situations  tres  stables. 


IV  CALCUL  DES  LONGUEURS  DE  RUGOSITE 

IV-1  Methode  utilisee  dans  le  modele  Bulk-CELAR 

Dans  le  cas  d'une  atmosphere  neutre,  le  coefficient  de 
transfert  en  vent,  CDN,  aussi  appele  coefficient  de  trainee, 
est  defini  a  l'altitude  de  10  m  par  : 
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1/2  k 

CDN  -  (12-a) 

Ln( - ) 

z0u 

De  nombreuses  formulations  empiriques  ont  permis  d'ex- 
primer  simplement  CDn  en  fonction  de  la  vitesse  du  vent 
mesuree  a  l'altitude  de  10  m.  BLANC  ([9])  a  montre  que 
ces  formulations  pouvaient  conduire  a  des  ecarts  sur  les 
valeurs  de  la  rugosite  z0u  atteignant  100  %.  Les  relations 
proposees  par  KONDO  ([8])  semblent  cependant  consti- 
tuer  un  compromis  acceptable  pour  le  calcul  de  CDN  et  par 
suite  de  z0u.  Une  difficulty  supplemental  est  introduite 
par  le  fait  qu'en  general  la  vitesse  du  vent  n'est  pas  connue 
a  1 0  m,  mais  a  une  altitude  z,  differente.  En  supposant  un 
profil  de  vent  simplement  logarithmique,  une  resolution 
iterative  est  necessaire  pour  obtenir  la  valeur  de  z0u. 

De  faqon  similaire,  des  coefficients  de  transfert  en  tempe¬ 
rature  et  en  humidite  (a  10  m),  notes  Chn  et  CEN  sont  re¬ 
lies  aux  rugosites  zot  et  z0q  par  : 


3)  Les  rugosites  z0u,  z0l  et  z0q  sont  calculees  par  les  rela¬ 
tions  (12)  en  remplaqant  CDn,  CHn  et  CEN  par  CD,  Ch  et 

CE. 

Cette  correction  liee  a  la  stabilite  atmospherique  a  ete  tes- 
tee  sur  les  donnees  de  la  campagne  de  LORIENT  89. 
Pour  des  situations  instables  ou  moderement  stables  (vent 
superieur  a  5  m/s),  les  valeurs  des  hauteurs  de  conduit 
d'evaporation  ne  sont  quasiment  pas  modifiees.  Par  con- 
tre,  pour  des  cas  stables  caracterises  par  un  vent  inferieur 
a  5  m/s,  les  hauteurs  de  conduit  estimees  se  rapprochent 
sensiblement  des  valeurs  deduites  des  donnees  de  propa¬ 
gation  mesurees. 

Appliquee  aux  donnees  de  la  campagne  de  TOULON  90, 
cette  nouvelle  methode  n'apporte  aucun  changement  d'en- 
semble  significatif.  II  est  vrai  que  pour  cette  campagne,  la 
presence  de  fortes  inhomogeneites  horizontales  rend  toute 
interpretation  assez  delicate. 


k2 

cttN  ~  jo  10  ^12"b^ 

Ln( - ).Ln( - ) 

z0u  z0t 

k2 

CEN  -  10  ]0  (12-C) 

Ln( - ).Ln( - ) 

Z0u  Z0q 

et  relies  empiriquement  a  la  vitesse  du  vent  a  10  m. 

IV-2  Methode  utilisec  dans  le  modele  PIRAM 

Les  relations  (12)  ne  constituent  des  definitions  des  coef¬ 
ficients  de  transfert  que  dans  le  cas  d'une  atmosphere  neu- 
tre.  Dans  le  cas  d'une  stratification  quelconque,  la  defini¬ 
tion  de  ces  coefficients,  que  nous  noterons  alors  CD,  CH  et 
CE  fait  intervenir  les  fonctions  de  stabilite  et  vPh  defi- 
nies  au  II,  ce  qui  alourdit  considerablement  la  resolution. 
KONDO  ([8])  suggere  une  demarche  simplifiee  et  empiri- 
que  decrite  ci-apres  : 

1)  CDn,  Chn,  Cen  sont  calcules  a  partir  du  vent  mesure 
(Cf.  IV- 1) 


1V-3  Perspectives  -  Discussion 

De  nombreuses  publications  ([10],  [11]  par  exemple)  in- 
diquent  clairement  que  le  coefficient  de  trainee  CD  ne  de¬ 
pend  pas  seulement  de  la  vitesse  du  vent  et  de  la  stabilite 
atmospherique,  mais  aussi  d'autres  parametres  comme 
"Page  de  la  vague"  ou  le  fetch,  particulierement  importants 
dans  les  regions  cotieres.  Dans  ces  conditions,  le  calcul  de 
la  rugosite  z0u  n'est  pas  immediat;  il  s'appuie  notamment, 
dans  l'hypothese  restrictive  d'une  mer  levee  par  le  vent, 
sur  la  connaissance  du  spectre  hydrodynamique  des  va- 
gues. 

L'hypothese  d'un  vent  nul  a  l'interface  air-mer,  n'est  d'autre 
part  pas  exacte.  Une  valeur  approchee  de  u0  =  u(z  =  0) 
pourrait  etre  u*.  Certains  modeles  tiennent  compte  ega- 
lement  des  effets  de  maree  pour  calculer  u0. 

Par  ailleurs,  la  signification  physique  exacte,  et  par  suite  la 
modelisation,  des  rugosites  et  z0q  est  encore  assez  dis- 
cutee.  Or  ces  deux  parametres  ont  une  influence  sensible 
sur  la  determination  des  profils  verticaux  et  notamment 
sur  la  hauteur  du  conduit  d'evaporation  ([5]). 


2)  CD,  Ch,  Ce  sont  donnes  par : 

-  cas  stables  (S  <  0  et  on  suppose  S  >  -3,3) 

c  c  c 

— —  — -  *  0,1 4- 0,03S  +  exp(4,8S)  (13) 

CDN  CHN  CEN 


-  cas  instables  (S  >  0) 
Cn  i —  Ctt 

— 1 2-»l  +  0,47vffi;  — — 


-DN 


-HN 


'EN 


1  +  0, 63  Vs  (14) 


ou  S  est  un  parametre  de  stabilite  calculable  a  par¬ 
tir  des  parametres  bulk  : 


So 

So 

+  0,01 

avec  S 


®v0  _9vl 


0 


2 

U1 


10 

l  +  log10(  ) 


(15) 


II  est  done,  a  notre  avis,  premature  de  compliquer  le  mo¬ 
dele  PIRAM,  notamment  en  augmentant  le  nombre  de  pa¬ 
rametres  d'entree.  Si  les  etudes  experimentales  et  theori- 
ques  recentes  constituent  des  avancees  significatives  vers 
une  meilleure  comprehension  des  interactions  entre  l'at- 
mosphere  et  la  mer,  il  reste  encore  bien  des  hypotheses  a 
verifier  et  beaucoup  de  questions  sans  reponses. 


V.  CALCUL  DU  PROFIL  D’INDICE  DANS  LE  DO- 
MAINE  OPTIQUE 

Dans  le  domaine  des  longueurs  d'onde  optiques,  du  visible 
a  l'infrarouge,  le  coindice  de  refraction  N  depend,  comme 
aux  radiofrequences,  des  grandeurs  meteorologiques  p  (en 
HPa),  T  (en  K),  e  (en  Hpa),  mais  aussi  de  la  longueur 
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d'onde  X  (en  pm).  HILL  et  al.  ([12])  ont  propose  l'ex- 
pression  suivante  : 


N  =  0,284N0  12,79  y  ,  avec  : 


29498,1 

Nn  =  64,328+  5~+ 

0  146- r2 


255,4 
41 -X-2 


(16) 


Contrairement  au  cas  des  radiofrequences,  on  constate 
que  la  dependance  de  N  vis  a  vis  de  l'humidite  est  tres 
faible.  N  est  egalement  faiblement  dependant  de  la  lon¬ 
gueur  d'onde,  et  meme  quasiment  independant  dans  l'infra- 
rouge2 . 


Le  modele  PIRAM  se  basant  sur  la  modelisation  des  pro¬ 
fils  meteorologiques  verticaux  (Cf.  II),  l'obtention  du 
profit  vertical  d'indice  par  l'application  de  (16)  est  imme¬ 
diate. 


D'autre  part,  en  derivant  (16)  on  peut  obtenir  une  expres¬ 
sion  du  gradient  vertical  d'indice  similaire  a  (6).  On  mon- 
tre  alors  que  pour  une  atmosphere  instable,  il  ne  saurait 
exister  de  conduit  de  guidage  des  ondes;  au  contraire  il 
peut  meme  y  avoir  infrarefraction.  L'existence  d'un  con¬ 
duit,  qu'il  serait  alors  impropre  d'appeler  conduit  d’evapo- 
ration,  n'est  possible  que  pour  une  atmosphere  stable.  La 
hauteur  de  ce  conduit  est  une  fonction  croissante  de  l'ecart 
de  temperature  entre  fair  et  l'eau  et  depasse  rarement  5  m. 
Le  guidage  des  ondes,  si  guidage  il  y  a,  s'effectue  done  au 
ras  de  la  surface  de  la  mer.  Dans  ces  conditions  il  serait 
important  de  savoir  prendre  en  compte  l'etat  de  surface  de 
la  mer  car  les  vagues  constituent  un  obstacle  pour  la  pro¬ 
pagation. 

Plus  generalement,  des  efforts  doivent  etre  entrepris  pour 
determiner  quelle  est  l'altitude  zero  des  profils  modelises  : 

-  sommet  de  la  vague  ? 

-  creux  de  la  vague  ? 

-  hauteur  moyenne  des  vagues  ? 

-  faut-il  moyenner  la  partie  basse  des  profils  sur  une 
vague  complete  ? 

Les  donnees  de  la  campagne  MAPTIP  93  qui  s'est  derou- 
lee  aux  Pays-Bas  devraient  nous  apporter  des  elements  de 
reponse,  et,  plus  globalement,  permettre  de  valider  le  mo¬ 
dele  PIRAM  dans  le  domaine  optique. 


VI.  MODELISATION  DU  PARAMETRE  Cn2 

L’ensemble  des  profils  verticaux  est  necessaire  aux  calculs 
des  pertes  de  propagation  moyennes,  e’est  a  dire  sur  des 
durees  de  l’ordre  de  la  dizaine  de  minutes,  sur  une  liaison 
donnee.  Les  amplitudes  des  signaux  se  propageant  dans  la 
CLSO  presentent  egalement  des  fluctuations  rapides  ( 
plusieurs  dB  sur  quelques  secondes  dans  la  domaine  mil- 
limetrique)  qui  ont  essentiellement  deux  origines  : 

- 1’ agitation  de  la  mer  (non  traitee  ici), 

-  la  turbulence  atmospherique. 


2  En  realite,  l’indice  de  refraction  complexe  de  fair,  dans 
1’infrarouge,  depend  de  la  longueur  d'onde.  L’expression 
(16)  correspond  a  la  partie  reelle  de  cet  indice  et,  de  ce 
fait,  n’est  utilisable  que  dans  les  fenetres  de  transmission. 


Du  point  de  vue  de  la  propagation,  la  turbulence  atmo¬ 
spherique  peut  etre  caracterisee  par  le  parametre  de  struc¬ 
ture  de  l’indice  de  refraction,  C„2.  La  determination  du 
profil  vertical  de  Cn2,  a  partir  des  seuls  parametres  bulk, 
constitue  done  une  premiere  etape  vers  une  modelisation 
plus  complete  des  fluctuations  rapides  de  signal. 

Soit  une  grandeur  X  (temperature,  humidite,  indice  de  re¬ 
fraction),  X(d)  et  X(d+z)  ses  valeurs.aux  altitudes  d  et 
d+z;  en  supposant  Patmosphere  horizontalement  homo¬ 
gene  et  isotrope,  on  definit  le  parametre  de  structure  de  la 
variable  X,  note  Cx2,  par : 

/[X(d)-X(d  +  z)]2)  =(AX2)  =Cx2.z2/3 

(17) 

Compte  tenu  des  expressions  (1)  et  (16)  reliant  le  coindice 
de  refraction  aux  parametres  meteorologiques,  on  peut 
obtenir  pour  Cn2  une  expression  de  la  forme  : 

Cn2  =a1.(a2CT2  +a3CTQ  +a4CQ2)  (18) 

avec  : 

Q  humidite  absolue  (Q  =  1 ,3  q), 

CTQ  ={24T4Q)moj. 

cq  fonctions  des  parametres  meteorologiques  et  de 
la  longueur  d'onde  dans  le  domaine  optique. 

Dans  la  CLSO  les  parametres  de  structure  CT2,  CQ2  et  Cjq 
suivent  la  parametrisation  de  Monin-Obukhov.  On  a  : 


II 

K> 

N 

1 

to 

^lN 

(18-a) 

L 

^  2  -2/3  c  tZ  \ 

-  Q*  z  f,(— ) 

(18-b) 

L 

r-r-l  ^  -2/3  ~  ,  Z  >. 

—  rTg . T*.Q*.z  .i3(  ) 

(1 8-c) 

avec  : 

T*  et  Q«,  echelles  de  temperature  et  d'humidite  que 
l'on  peut  exprimer  simplement  a  partir  de  0*  et  q  *  et  done 
calculer  par  une  methode  de  type  bulk, 

fi,  fonctions  a  determiner  experimentalement, 
rXQ,  coefficient  de  correlation  temperature-humidite 
qui  est  positif  (resp.  negatif)  si  Patmosphere  est  instable 
(resp.  stable).  On  admet  generalement  que  la  valeur  abso¬ 
lue  de  ce  parametre  est  comprise  entre  0,6  et  1 .  Pour  no- 
tre  part  nous  l’avons  fixee  a  0,8  en  remarquant  que  la  va¬ 
leur  exacte  a  peu  d’influence  sur  le  resultat. 


Dans  le  domaine  optique,  Cn2  depend  presque  exclusive- 
ment  de  CT2.  Comme  les  effiets  de  la  turbulence  sont  tres 
sensibles  aux  frequences  optiques,  la  determination  de  la 
fonction  f,  a  fait  l'objet  de  soins  particuliers.  Plusieurs 
groupes  d'expressions  ont  ete  proposees,  notamment  par 
EDSON  et  al.  ([6])  qui  apportent  une  correction  aux  rela¬ 
tions  de  WYNGAARD  et  al.  ([13]),  ou  par  des  cher- 
cheurs  du  F.F.O.3  (voir  [14]). 


3  Forschunginstitut  Fur  Optik  (Allemagne). 
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cas  stables  : 

fl  (— )  =  5,8 
L 


z  2/S 
l  +  2,4(— ) 

L 


(EDSON)  (19-a) 


f~l  (  )  -  6,3. 


z  ,  2 


11/3 


l  +  7(— )  +  20(— ) 
L  L 


(F.F.O.)  (19-b) 


cas  instables 
z 


fi  (— )  =  5,8 


z  1_2/3 

1  -  7(— )  J  (EDSON)  (20-a) 


fl  flj“) =  6,3. 


Z,7 


1“V+75(l) 


-1/3 


(F.F.O.)  (20-b) 


La  fonction  f2  etant  tres  difficile  a  determiner,  une  hypo- 
these  souvent  rencontree  est  la  relation  de  proportionna- 


lite  : 


Cq2  Q» 
— —  =  a. — 


(21) 


oil  le  parametre  a  peut  varier  de  1  jusqu’a  104  dans  le  cas 
de  fortes  fluctuations  d’humidite  ([15]).  Nous  lui  avons, 
pour  F instant,  attribue  la  valeur  1,  mais  comme  son  in¬ 
fluence  sur  l’ordre  de  grandeur  du  Cn2  est  importante,  des 
mesures  seront  necessaires  pour  trouver  une  valeur  sans 
doute  plus  realiste. 


La  fonction  f3,  quant  a  elle,  a  ete  supposee  identique  a  fl. 


La  figure  n°l,  a  titre  d’ illustration,  montre  les  variations 
de  Cn2  aux  radiofrequences  (calcule  avec  les  formules  du 
F.F.O.  pour  fl)  en  fonction  de  la  difference  de  temperature 
entre  Fair  et  l’eau  (ASTD),  pour  un  vent  de  5m/s,  et  pour 
des  valeurs  d’humidite  relative  allant  de  50  a  100%. 


On  peut  constater  sur  cette  Ague  que  la  gamme  de  valeurs 
possibles  pour  Cn2  augmente  avec  Fhumidite  et  qu’un  mi¬ 
nimum  est  observe  pour  des  situations  neutres  ou  mode- 
rement  stables. 

Dans  le  domaine  optique,  Finfluence  de  Fhumidite, 
comme  nous  l’avons  deja  dit,  est  negligeable.  De  plus,  un 
minimum  tres  prononce  dans  la  valeur  de  Cn2  apparait 
toujours  au  voisinage  de  la  neutrality  L’existence  d’un  tel 
minimum  peut  surprendre,  mais  est  a  rapprocher  des  ob¬ 
servations  experimentales  de  BATAILLE  ([14])  qui  a  en- 
registre  des  minima  similaires  au  moment  des  transitions 
jour-nuit. 

En  ce  qui  concerne  les  profils  verticaux  de  Cn2,  excepte  au 
voisinage  immediat  de  Finterface  air-mer,  on  trouve  des 
valeurs  de  Cn2  quasiment  independantes  de  Faltitude.  Par 
ailleurs  les  deux  groupes  d’expression  mentionnes  plus 
haut  pour  la  fonction  fl  conduisent  a  des  profils  tres  voi- 
sins. 

Une  autre  approche  concernant  le  calcul  de  Cn2,  basee  sur 
les  travaux  de  GOSSARD  ([16]),  a  ete  etudiee.  Elle  ne 
s’ applique  que  dans  les  cas  stables  et  peut  conduire  a  des 
valeurs  faibles,  voire  nulles,  lorsqu’existent  dans  le  do¬ 
maine  radio,  des  situations  de  proche  infrarefraction. 

Quant  a  la  methode  retenue  et  decrite  plus  haut,  nous  es- 
perons  pouvoir  la  valider  prochainement  par  des  mesures 
directes,  mais  aussi  en  terme  de  calcul  des  proprietes  sta- 
tistiques  des  fluctuations  de  courte  duree  des  signaux  se 
propageant  dans  la  CLSO. 

VII.  INFLUENCE  DE  LA  PROXIMITE  COHERE 
SUR  LA  MODELISATION  DU  CANAL  DE  PRO¬ 
PAGATION 


Figure  n°  1 

Variations  de  C„~  aux  radiofrequences  en  fonction  de  la 
difference  de  temperature  entre  1  ’air  et  l  ’eau  (ASTD), 
pour  un  vent  de  5m  s,  et  pour  une  humidite  relative  va¬ 
riant  de  50  a  100%. 


Le  calcul  des  pertes  de  propagation  sur  une  distance  don- 
nee  necessite  la  connaissance  des  profils  d'indice  de  re¬ 
fraction  sur  l'ensemble  du  trajet.  A  partir  de  mesures 
ponctuelles  effectuees  a  l’aide  de  bouees,  de  stations  me- 
teorologiques  ou  de  radiosondages,  le  maillage  bidimen- 
tionnel  de  l'indice  de  refraction  est  genere,  moyennant: 

-  des  approximations,  pour  le  calcul  des  profils  verti¬ 
caux 

-  des  hypotheses  d'homogeneite,  pour  realiser  ['exten¬ 
sion  horizontale. 

La  proximite  des  cotes  rend  l'ensemble  de  cette  modeli- 
sation  plus  delicate. 

VII- 1  Modelisation  verticale  dans  la  CLSO 

Les  modelisations  proposees  dans  les  parties  precedentes 
permettent  d'evaluer,  sur  le  lieu  de  mesure  des  parametres 
meteorologiques,  les  variations  verticales  de  l'indice  de 
refraction.  Independamment  de  la  validite  des  modeles 
semi-empiriques  utilises,  cette  evaluation  est  bien  sur  su- 
jette  a  des  incertitudes  liees  : 

-  a  la  precision  des  mesures  meteorologiques, 

-  a  la  stabilite  de  la  CLSO, 
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-  a  l'existence  ou  non  de  structures  atmospheriques 
superieures  (inversions  de  temperature,  conduits  de  sur¬ 
face) 

-  a  1'agitation  de  la  mer,  dans  sa  partie  la  plus  basse. 
L'influence  de  la  precision  des  tnesures  sera  traitee  dans  le 
paragraphe  concernant  la  stabilite. 

Stabilite  de  la  CLSO 

Le  profil  d'indice  de  refraction  depend  fortement,  dans  les 
cas  stables,  de  la  difference  de  temperature  entre  fair  et 
l'eau  (ASTD).  Ainsi,  la  hauteur  du  conduit  calcuiee  par 
PIRAM  varie  t'elle  de  10  m  pour  une  variation  d'ASTD  de 
+2  °C,  soit  une  pente  de  5  m  /°C,  ceci  pour  T0  =  15  °C, 
H[  =  70%,  Vi  =  5  m/s.  De  faibles  variations  locales  sur  la 
temperature  ou  des  incertitudes  liees  a  la  mesure  peuvent 
done  entrainer  des  biais  sur  l'estimation  de  la  hauteur  du 
conduit. 

L'occurrence  des  cas  stables  a  proximite  des  cotes  est  for¬ 
tement  dependant  des  zones  climatiques  et  des  saisons.  Le 
tableau  n°  1  fournit,  a  titre  d'exemple,  les  pourcentage  de 
temps  pendant  lesquels  des  cas  stables  (nombre  de  Ri¬ 
chardson  positif)  ont  ete  releves  durant  4  campagnes  de 
mesures. 


Campagne  de 
mesures 

Saison 

Nbrc  de  jours 
de  mesures 

Pourcentage  de  cas 
stables  (RiB>0) 

LORIENT  89 
(Bretagne) 

Automne 

52 

63 

TOULON  90 
(Cote  d’Azur) 

Ete 

89 

24 

LORIENT  93 

Automne 

19 

8 

MAPTIP  93 
(Hollande) 

Automne 

13 

0 

Tableau  n°  1 

occurrence  des  cas  stables  pour  differentes  campagnes  de 
mesures. 


Par  ailleurs,  une  tres  forte  stabilite  (associee  a  une  humi- 
dite  superieure  a  95  %)  conduit  a  des  situations  de  proche 
infrarefraction.  L'analyse  des  resultats  de  la  campagne  de 
LORIENT  89  montre  que  la  modelisation  globale  rend 
compte  de  ce  phenomene  sans  toutefois  reproduire  de  fa- 
qon  fidele  les  pertes  de  propagation  mesurees  ([1]).  Les 
ecarts  obtenus  peuvent  etre  dus  a  plusieurs  causes  telles 
que  : 

-  la  mesure  imprecise  de  l'humidite 

-  la  forte  sensibilite  du  modele  de  CLSO 

-  la  presence  eventuelle  d'inhomogeneites  horizontales 

Raccordement  avec  les  structures  superieures 
Le  profil  d'indice  de  refraction  issu  de  la  modelisation 
PIRAM  tend  aux  altitudes  superieures  vers  celui  corres- 
pondant  a  l'atmosphere  standard.  Or,  les  radiosondages 
effectues  lors  de  la  campagne  de  LORIENT  93  montre 
que  cette  hypothese  n'est  pas  toujours  verifiee  ([17]) : 

-  inversion  de  temperature  des  les  plus  basses  couches 
de  la  CLSO  (  ex:  le  28/09  vers  12  h) 

-  gradient  d'indice  de  refraction  fortement  positif  (ex  : 
le  24/09,  G  =  260  M/km  sur  les  40  premiers  metres) 

Agitation  de  la  mer 


La  modelisation  globale  des  profils  de  temperature,  d'hu- 
midite  et  des  aerosols  au-dessus  et  au  niveau  des  vagues 
est  actuellement  en  cours  d'etablissement  a  1'Ecole  Centre 
de  Nantes.  Elle  s'appuie  sur  les  lois  regissant  la  mecanique 
des  fluides  et  devrait  deboucher  dans  les  prochaines  an- 
nees  sur  une  representation  globale  des  differents  pheno- 
menes  impliques. 

L'influence  de  1'agitation  de  la  mer  se  manifeste  principa- 
lement  dans  les  bandes  millimetrique  et  optique. 

VII- 2  Inhomogeneites  horizontales 

Devaluation  des  pertes  de  propagation  sur  des  distances 
de  plusieurs  dizaines  de  kilometres  a  proximite  des  cotes 
suppose  une  hypothese  d'homogeneite  si  Ton  ne  dispose 
que  de  mesures  ponctuelles.  Or,  cette  hypothese  se  heurte 
frequemment  a  la  realite  des  divers  phenomenes  physiques 
intervenants.  On  peut  citer  : 

-  les  variations  locales  de  temperature  de  l'eau 

La  temperature  de  la  mer  presente,  dans  certaines  mers  du 
monde,  de  fortes  variations  spatiales.  Ainsi,  en  Mediterra- 
nee  ([18]),  il  n'est  pas  rare  de  rencontrer  de  fronts  thermi- 
ques  de  1  a  2  °C  sur  5  km  a  proximite  des  cotes,  mais 
aussi  en  pleine  mer  (ex:  Sud-Est  de  la  Sicile).  Ces  fronts 
peuvent  atteindre  4  °C  sur  5  km  dans  certaines  zones, 
avec  des  occurrences  de  30  %  certains  mois  de  l'annee.  De 
meme,  en  Atlantique,  lors  de  la  campagne  de  LORIENT 
89,  des  variations  de  4  °C  sur  30  km  ont  ete  observees  en 
Decembre. 

-  les  variations  locales  des  parametres  aerologiques 
Du  fait  de  la  difference  de  constantes  thermiques  entre  la 
terre  et  la  mer,  des  homogeneites  de  temperature  de  fair 
sont  frequemment  relevees,  particulierement,  par  temps 
calme,  lors  de  belles  journees  ensoleillees.  Ainsi,  des 
ecarts  de  temperature  d'environ  1 0  °C  ont-ils  ete  releves 
de  part  et  d'autre  de  la  liaison  de  23  km  lors  de  la  campa¬ 
gne  TOULON  90.  De  meme,  des  variations  de  5°C/5km 
ont  ete  notees  lors  de  la  campagne  de  LORIENT  93 . 

Ces  variations  conjuguees  avec  celles  du  vent  et  de  l'hu- 
midite  rendent  difficile  revaluation  de  la  hauteur  de  con¬ 
duit  sur  l'ensemble  du  trajet.  Durant  ces  periodes,  on  ob¬ 
serve  en  mer  une  variation  constante  du  conduit,  qui  mar¬ 
que  1'aspect  non-stationnaire  du  canal  de  propagation. 

La  complexite  de  la  modelisation  est  accrue  quand  la  liai¬ 
son  se  place  a  proximite  de  zones  montagneuses  comme 
cela  etait  le  cas  pour  ^experimentation  de  TOULON  90.  II 
peut  alors  se  produire  des  inversions  de  temperature  dans 
les  basse  couches,  engendrant  des  conduits  de  surface  ou 
des  conditions  d'infrarefraction. 

-  les  mouvements  d'advection 

L'arrivee  de  fronts  thermiques  sur  la  liaison  entraine  de 
fortes  variations  de  l'ensemble  des  parametres  meteoro- 
logiques  et  done  de  la  structure  du  conduit.  La  duree  de 
passage  du  front  peut-etre  reduite  a  quelques  heures. 
Ainsi,  a  Lorient,  le  passage  d'un  front  chaud  et  humide 
venant  de  l'ocean  a  modifie  la  temperature  de  Fair  de  7°C 
en  3  heures  et  a  double  l'humidite  absolue  ([19],  p.  121], 
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-  la  dependance  de  l'agitation  de  la  mer  avec  le  fetch 
En  bandes  millimetrique  ou  optique,  la  connaissance  de  la 
rugosite  de  la  mer  est  necessaire.  Cette  rugosite  n'est  pas 
homogene  sur  la  liaison  si  le  vent  souffle  de  la  cote  .  En 
effet,  la  distance  sur  laquelle  la  mer  se  forme  (fetch)  est 
alors  limitee. 

La  non-stationnarite  du  canal  de  propagation  se  traduit : 

-  en  visibility  directe,  par  une  deformation  des  figures 
d'interference.  II  vient  s'ajouter  au  dephasage  nominal  en- 
tre  signal  direct  et  signal  reflechi,  un  dephasage  supple¬ 
mental  du  a  l'effet  de  refraction  atmospherique.  A  titre 
d’ illustration,  la  figure  n°  2  montre  a  36  GHz,  les  fortes 
fluctuations  de  signal  consecutives  au  changement  pro- 
gressif  de  la  hauteur  du  conduit  d’ evaporation  entre  10  h 
et  14  h. 

-  en  liaison  transhorizon,  par  une  variation  temporelle 
des  pertes  moyennes  de  propagation  d'autant  plus  grande 
que  la  frequence  est  basse. 


CONCLUSION 

Le  modele  PIRAM  decrit  dans  cet  article  permet  la  de¬ 
termination  des  profils  verticaux  de  temperature,  d'humi- 
dite,  d'indice  de  refraction  et  de  Cn2  dans  la  Couche  Limite 
de  Surface  Oceanique  Pour  les  etudes  de  propagation,  il 
s'applique  aussi  bien  dans  le  domaine  des  frequences 
radioelectriques  que  dans  celui  des  frequences  optiques. 
PIRAM  ne  requiert  qu'un  nombre  limite  de  parametres 
d'entree  correspondant  a  des  mesures  meteorologiques 
courantes.  Aux  longueurs  d'onde  centimetriques  et 
millimetriques,  ce  modele  a  permis  une  interpretation  sa- 
tisfaisante  ,  au  plan  statistique  notamment,  des  donnees 
enregistrees  lors  des  campagnes  de  mesure  de  LORIENT 
89  et  TOULON  90. 

Une  validation  plus  complete  du  modele  reste  cependant  a 
effectuer.  Les  points  suivants  meriteraient  notamment 
d'etre  etudies  : 

-  l’influence  du  champ  de  vagues  sur  la  partie  basse  des 
profils  verticaux, 

-  l'estimation,  a  partir  de  donnees  experimentales,  d'un 
certain  nombre  de  parametres  mal  connus  et  necessaires 
au  calcul  de  Cn2, 

-  l’apport  eventuel  d'une  modelisation  plus  complexe 
des  longueurs  de  rugosite,  ce  qui  necessiterait  d'augmen- 
ter  le  nombre  de  parametres  d'entree,  sans  pour  autant  le¬ 
ver  toutes  les  ambiguites. 

-  la  recherche  de  lois  empiriques  concernant  les  gra¬ 
dients  horizontaux  dont  (influence  est  non  negligeable  a 
proximite  des  cotes. 

Neanmoins,  quels  que  soient  les  progres  envisageables 
dans  les  modelisations,  seules  des  mesures  bidimentionnel- 
les  du  milieu  de  propagation,  utilisant  notamment  des 
moyens  de  teledetection,  permettraient  une  prediction  en 
temps  reel  fiable  des  performances  des  systemes  evoluant 
dans  la  CLSO. 
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DISCUSSION 

K.  DAVIDSON 

Will  the  use  of  exchange  coefficients  from  coastal  campaigns,  e.g.  HEXMAX,  change  the  results 
from  the  models? 

AUTHOR’S  REPLY 

There  are  actually  many  exchange  coefficient  formulations  for  calculating  different  roughness 
lengths  (Z0,  Z0T,  Z0q).  The  use  of  the  equation  published  by  KONDO  has  lead  to  a  profile  model 
enabling  a  globally  very  satisfactory  explanation  of  the  observations  during  the  LORIENT  89 
and  TOULON  90  campaigns  which  took  place  in  a  coastal  environment. 

We  also  simulated  the  influence  of  roughness  on  evaporation  duct  height  as  estimated  by  the 
model.  This  influence  is  particularly  sensitive  in  the  stable  cases  and  to  the  roughness  Z0T  and 

Z()q- 

Unfortunately  those  two  last  roughnesses  are  the  less  well  known  and  even  their  definition  is  not 
clear.  Therefore,  the  discussion  is  not  closed. 
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SUMMARY 

This  paper  is  an  overview  of  an  experiment  called 
Variability  of  Coastal  Atmospheric  Refractivity 
(VOCAR).  VOCAR  was  designed  to  be  conducted  under 
a  larger  program  called  Coastal  Variability  Analysis, 
Measurements,  and  Prediction  and  is  a  multi-year 
experimental  effort  to  investigate  the  variability  of 
atmospheric  refractivity  with  emphasis  on  the  coastal 
zone.  The  experiment  is  being  conducted  jointly  with  the 
Naval  Air  Warfare  Center  Weapons  Division,  Point 
Mugu,  CA,  the  Naval  Research  Laboratory,  and  the 
Naval  Postgraduate  School.  In  addition,  the  National 
Oceanic  and  Atmospheric  Administration  Environmental 
Technology  Laboratory  and  Penn  State 
University /Applied  Research  Laboratory  are  participating 
in  the  measurement  phase  of  VOCAR. 

The  propagation  measurements  being  made  during 
VOCAR  consist  of  monitoring  signal  strength  variations 
of  VHF/UHF  transmitters  in  the  southern  California 
coastal  region.  Corresponding  meteorological 
measurements  are  made  during  routine,  special,  and 
intensive  observation  periods.  During  an  intensive 
measurement  period  from  23  August  to  3  September 
1993,  radio  data  were  collected  at  two  receiver  sites  and 
meteorological  data  were  collected  from  three  profiler 
sites,  eight  radiosonde  sites,  three  aircraft,  and  numerous 
surface  weather  sites.  Samples  of  the  data  will  be 
shown. 

1.  INTRODUCTION 

In  1944,  the  U.S.  Navy  Radio  and  Sound  Laboratory 
began  a  radio-meteorological  experiment  along  the  coast 
of  southern  California  [1-2].  Transmitter  and  receiver 
terminals  were  located  on  the  coast  at  San  Pedro  (south 
of  Los  Angeles)  and  San  Diego  at  altitudes  of  30  m 
above  mean  sea  level.  The  propagation  path  between  the 
terminals  was  entirely  over  water,  a  distance  of  148  km, 
and  transmission  frequencies  of  52,  100,  and  547  MHz 
were  used.  Signal  levels  were  recorded  for  extended 
periods  between  June  1944  and  July  1945.  Plots  of  the 
data  revealed  a  striking  negative  correlation  between  the 
height  of  the  base  of  the  temperature  inversion  and  radio 
signal  levels.  A  statistical  analysis  of  sixty  concurrent 


observations  of  signal  strength  and  inversion  base  height 
made  in  the  period  July  15  to  September  14,  1945 
yielded  a  correlation  coefficient  of  -0.68  [3].  However, 
the  height  of  the  base  of  the  temperature  inversion  alone 
was  found  to  be  inadequate  for  predicting  the  peak  values 
of  maximum  signal  levels.  It  is  noted  that  refractivity  is 
also  a  Junction  of  moisture  and  variations  in  the  vertical 
gradients  of  temperature  and  moisture  result  in  vertical 
variations  of  the  gradient  of  refractivity.  If  the  gradients 
are  strong  enough,  superrefraction  or  trapping  occurs. 
Although  the  existence  of  a  temperature  inversion  is 
neither  a  necessary  nor  sufficient  condition  for  the 
existence  of  a  trapping  layer,  temperature  inversions  are 
generally  associated  with  a  decrease  in  moisture  and  the 
result  is  often  a  trapping  layer,  particularly  over  the 
ocean  in  the  southern  California  area. 

Utilizing  a  recently  developed  hybrid  propagation  model 
called  the  Radio  Physical  Optics  (RPO)  model  and  taking 
advantage  of  the  observed  correlation,  Hitney  [4] 
demonstrated  a  capability  to  assess  the  height  of  the  base 
of  the  trapping  layer  from  observations  of  the  radio 
signal  strength.  His  method  involved  using  median 
values  of  the  modified  refractivity  difference  across  and 
thickness  of  the  inversion  along  with  refractivity 
gradients  below  and  above  the  inversion.  These  statistics 
were  derived  from  a  set  of  radiosonde  soundings  taken  in 
the  years  from  1969  to  1976  from  Point  Loma  in  San 
Diego,  CA.  The  comparison  between  predictions  of 
trapping  layer  height,  determined  from  the  1944  radio 
signals,  and  observed  base  of  the  temperature  inversion 
was  quite  good.  A  proposal  was  made  to  pursue  this 
technique  further,  resulting  in  the  establishment  of  an 
experimental  program  designated  VOCAR. 

2.  EXPERIMENTAL  APPROACH 

The  objectives  of  VOCAR  are  to  provide  an  assessment 
capability  for  horizontally  varying  refractivity  conditions 
in  a  coastal  environment  and  develop  a  radio  remote 
sensing  capability.  Hitney’s  technique  provided  the 
foundation  for  possible  radio  remote  sensing  of  refractive 
structure.  Since  there  are  numerous  radio  sources  in 
coastal  areas  worldwide,  radio  remote  sensing  is 
potentially  a  very  powerful  tool.  Among  the 
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disadvantages  of  this  technique  is  that  the  inferred 
refractive  structure  pertains  only  to  the  given  path  and  no 
data  exist  to  indicate  how  representative  this  structure 
would  be  for  different  paths.  Methods  to  characterize 
the  horizontal  variability  of  the  refractive  structure 
include  satellite  remote  sensing,  numerical  weather 
models,  and  meteorological  data  assimilation  systems. 
To  attack  this  problem,  the  Naval  Command,  Control 
and  Ocean  Surveillance  Center  RDT&E  Division  (NRaD) 
conducted  an  experiment  jointly  with  the  Naval  Air 
Warfare  Center  Weapons  Division,  Point  Mugu,  CA 
(NAWCWPNS),  the  Naval  Research  Laboratory  (NRL), 
and  the  Naval  Postgraduate  School  (NPS).  The  National 
Oceanic  and  Atmospheric  Administration  Environmental 
Technology  Laboratory  (ETL)  and  Penn  State  University 
Applied  Research  Laboratory  (PSU/ARL)  made 
supporting  measurements. 

The  experiment  was  planned  for  the  southern  California 
bight  [5].  Ducting  is  present  in  this  area  more  than  70% 
of  the  time  on  an  annual  basis,  the  coastline  geometry  is 
well  suited  for  overwater  propagation  paths,  and  there 
are  numerous  transmitters  already  operating  along  the 
coast.  In  particular,  the  Automatic  Terminal  Information 
Service  (ATIS)  transmitters,  located  at  many  airports, 
provide  convenient  signals  in  the  VHF/UHF  band. 
Figure  1  shows  a  number  of  these  transmitters  and  their 
transmission  frequency  in  MHz.  However,  all  of  these 


transmitters  have  partial  overland  paths  to  one  or  both  of 
the  receiver  sites:  Point  Loma  in  San  Diego  and  Point 
Mugu  near  Oxnard.  To  ensure  a  clear  overwater  path  to 
both  receivers,  additional  transmitters  were  installed  on 
San  Clemente  Island.  These  paths  are  very  nearly  equal 
in  length  (127  km  to  Point  Loma  and  132  km  to  Point 
Mugu)  and  are  of  primary  interest  in  the  experiment. 
Differences  in  signals  over  these  two  paths,  separated  by 
approximately  120  degrees  in  azimuth,  provide  data  on 
the  inhomogeneity  of  the  refractive  structure. 
Secondarily,  paths  to  ATIS  transmitters  along  the 
southern  California  coast  provide  information  on  signal 
propagation  intersecting  a  coastline.  Radio- 
meteorological  data  were  planned  in  three  categories: 
routine,  special,  and  intensive  observation  periods.  A 
routine  observation  period  (ROP)  consists  of  the  radio 
measurements  at  two  receiver  sites  and  the 
meteorological  data  that  is  routinely  available  from  the 
existing  observing  network.  A  special  observation  period 
(SOP)  is  a  period  of  a  few  days  time  for  which 
propagation  conditions  are  particularly  interesting  and  a 
few  additional  meteorological  observations  are  taken  to 
supplement  the  routine  data.  An  intensive  observation 
period  (IOP)  is  an  interval  during  which  the  VOCAR 
participants  take  meteorological  observations  at  a  number 
of  sites  with  a  number  of  sensors  in  order  to  characterize 
the  refractive  conditions  and  related  atmospheric 
properties  in  as  much  detail  as  feasible.  The  Johns 


Figure  1.  Selected  ATIS  transmitters  (circled  dots)  and  primary  propagation  paths  for  the  VOCAR 
experiment.  Numbers  by  transmitter  sites  are  frequencies  in  MHz.  "R"  indicates  radiosonde  launch  site. 
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Hopkins  University  Applied  Physics  Laboratory  and  San 
Diego  State  University  made  collaborative  measurements 
during  the  IOP. 

3.  INTENSIVE  OBSERVATION  PERIOD 

One  such  intensive  observation  period  was  conducted  24 
August  to  3  September  1993  during  which  meteorological 
data  were  collected  by  three  boundary  layer  profiler 
sites,  three  aircraft,  eight  radiosonde  sites,  and  numerous 
surface  weather  stations.  Radio  data  were  measured  at 
Point  Mugu  and  Point  Loma  with  nearly  identical 
receiver  systems  in  15  minute  cycles  [6].  With  this  data 
set,  propagation  predictions  using  RPO  and  observed  or 
forecast  refractive  structure  can  be  compared  to  observed 
signals  to  provide  insight  to  a  number  of  questions,  such 
as  the  temporal  and  spatial  resolution  of  meteorological 
data  required  to  characterize  the  propagation  conditions 
and  the  capabilities  of  different  types  of  sensors  to 
provide  such  resolution. 


Julian  Day  1993 

Figure  2.  Weighted  average  propagation  factor 
for  374.95  MHz  links  measured  at  Point  Loma 
(solid  line)  and  Point  Mugu  (dashed  line)  from 
24  August  to  03  September.  Troposcatter  level 
is  approximately  -49  dB. 


3.1  Radio  Data 

Figure  2  is  a  sample  of  the  radio  data  for  the  IOP. 
These  data  have  been  smoothed  with  a  2-hour  wide 
triangular  window  which  has  removed  5  to  10  dB 
fluctuations  that  are  common  on  time  scales  of  an  hour 
or  two.  Over  the  10  day  period,  the  smoothed  signals  on 
the  two  links  varied  by  approximately  45  dB  and  tend  to 
follow  each  other;  however,  neither  signal  consistently 
exceeded  the  other.  Signal  levels  early  in  the  period  are 
associated  with  low-elevated  and  surface-based  ducts. 
This  situation  changed  abruptly  on  day  240  when 
received  signals  fell  to  levels  consistent  with  elevated 
ducts;  however,  signals  never  did  fall  to  the  troposcatter 
levels  expected  with  standard  atmosphere  propagation 
conditions  (approximately  -49  dB).  On  shorter  time 
periods,  the  signals  fluctuate  15  to  25  dB  over  periods  of 


a  few  hours  to  a  day.  Figure  3  shows  the  cumulative 
frequency  distribution  for  the  data  shown  in  figure  2;  the 
medians  of  the  observed  signals  are  almost  35  dB  above 
the  level  expected  for  standard  atmosphere  propagation. 


Figure  3.  Cumulative  frequency  distribution  of 
the  data  in  Figure  2. 


Figure  4  is  a  scatter  diagram  of  propagation  factors 
measured  at  the  two  receiver  sites.  In  contrast  to  the 
data  used  to  plot  Figure  2,  the  data  in  Figure  4  have  not 
been  smoothed.  The  correlation  coefficient  is  .71;  the 
correlation  coefficient  for  the  smoothed  data  is  .79  [6]. 
The  measured  propagation  factor  on  one  link  is  within  10 
dB  of  the  propagation  factor  on  the  other  link  72  %  of  the 
time. 


Figure  4.  374.95  MHz  propagation  factor 
measured  at  Point  Loma  versus  propagation 
factor  measured  at  Point  Mugu. 


Figure  5  is  a  scatter  diagram  of  the  262.85  MHz 
propagation  factor  measured  at  Point  Loma  versus  the 
374.95  propagation  factor.  The  correlation  coefficient  is 
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.90  and  the  propagation  factor  at  262.85  MHz  is  within 
10  dB  of  the  374.95  MHz  propagation  factor  88  %  of  the 
time.  Again,  this  is  unsmoothed  data.  Another 
interesting  feature  in  Figure  5  is  that  the  scatter  in 
propagation  factor  decreases  as  the  propagation  factor 
increases.  Longer  term  data,  such  as  discussed  in  [4], 
do  not  show  this  feature  consistently.  One  can  speculate 
that  this  may  be  due  to  the  meteorological  regime 
creating  the  ducting  conditions.  In  the  southern 
California  offshore  area,  elevated  refractive  layers  are 
usually  the  result  of  large-scale  subsidence  in  the  eastern 
sectors  of  subtropical  high  pressure  systems. 
Additionally,  an  offshore  foehn  wind  (often  referred  to 
as  a  Santa  Ana  in  southern  California)  can  create  similar 
elevated  layers.  And  these  two  conditions  may  exist 
simultaneously  [7].  Since  the  VOCAR  IOP  was 
dominated  by  large-scale  subsidence,  Santa  Ana 
conditions  may  be  the  factor  than  increases  signal 
fluctuations  at  higher  signal  levels.  That  is,  subsidence 
induced  surface-based  ducts  may  tend  to  be  homogeneous 
in  range  while  Santa  Ana  induced  ducts  may  tend  to  be 
inhomogeneous  in  range. 


Figure  5.  262.85  MHz  propagation  factor 
versus  374.95  MHz  propagation  factor  measured 
at  Point  Loma. 


3.2  Meteorological  Data 

The  Environmental  Technology  Laboratory  (ETL, 
formerly  the  Wave  Propagation  Laboratory)  of  the 
National  Oceanic  and  Atmospheric  Administration 
established  a  network  915  MHz  wind  profders  equipped 
with  Radio  Acoustic  Sounder  Systems  at  3  sites  in 
support  of  VOCAR.  These  sites,  at  Point  Loma,  San 
Clemente  Island,  and  Point  Mugu,  operated  October 
1992  through  October  1993  and  were  in  operation  during 
the  IOP.  This  network  provided  55  minute  averages  of 
wind  speed,  direction,  and  reflectivity  and  5  minute 
averages  of  virtual  temperature  profiles.  Typical  heights 
realized  with  the  profilers  were  2  to  3  km  with  virtual 
temperature  profiles  nominally  to  1  to  1.5  km. 


Collocated  at  each  site  was  a  surface  meteorological 
station  that  provided  1  minute  averages  of  pressure, 
temperature,  relative  humidity,  wind  speed  and  direction, 
and  solar  and  net  radiation.  These  data  have  been 
compiled,  reduced,  and  delivered  by  ETL  (C.  King,  C. 
Russell,  L.  Lewis,  and  A.  White,  "Summary  and  Data 
from  the  NOAA  Environmental  Technology  Laboratory 
Measurement  Program  During  the  1992/93  VOCAR 
Study"). 

For  the  IOP,  the  participants  established  a  special 
radiosonde  observation  network  at  7  coastal/island  sites 
and  1  shipboard  site  as  indicated  by  an  "R"  in  Figure  1. 
Soundings,  with  emphasis  on  the  lowest  3  km,  were 
taken  5  times  daily,  every  4  hours,  with  the  land  sites 
omitting  the  08Z  launch.  Figure  6  is  an  overplot  of 
soundings  taken  on  26  and  27  August  (Julian  days  238 
and  239)  at  the  San  Diego  site  when  radio  signals  (Figure 
2)  were  high  and  fluctuating.  This  figure  shows  the 
boundary  layer  variability  in  San  Diego  on  these  two 
days.  Figure  6  also  shows  atypical  moisture  (30  to  80% 
relative  humidity)  above  the  boundary  layer;  relative 
humidities  of  less  than  30%  are  the  norm. 

To  augment  the  radiosondes,  two  instrumented  aircraft 
from  NCCOSC  RDT&E  Division  and  NAWCWPNS 
collected  data  on  the  range  variation  of  the  inversion 
throughout  the  bight.  These  aircraft  flew  sawtooth 
profiles  along  the  primary  propagation  paths,  and  on  the 
periphery,  varying  in  altitude  from  approximately  150  m 
below  the  inversion  to  300  m  above  the  inversion.  A 
third  aircraft  with  a  downward  looking  lidar  was  utilized 
by  NRL  Washington  to  map  boundary  layer  height 
variations  over  a  larger  area. 

5.  REMARKS 

A  concept  for  passively  determining  refractive  structure 
by  monitoring  VHF/UHF  signal  strength  variations  was 
discussed  and  an  overview  of  a  cooperative  experiment 
to  test  this  concept  was  presented.  This  experiment, 
VOCAR,  is  a  multiyear  experiment  combining  the  efforts 
of  several  research  groups  and  the  results  of  the  first 
investigations  are  just  beginning  to  be  reported,  many  in 
these  proceedings.  An  Intensive  Observation  Period  was 
conducted  23  August  to  3  September  1993  and  consisted 
of  15  minute  cycles  of  radio  measurements,  eight 
radiosonde  sites,  three  aircraft,  three  profiler  sites,  a 
lidar  profiler,  satellite  data  collection,  numerical 
meteorological  models,  and  numerical  meteorological 
data  assimilation  systems.  Additional  measurements  are 
being  considered  as  Special  Observation  Periods, 
including  measurements  in  conjunction  with  a  project  to 
infer  refractive  profiles  from  Global  Positioning  System 
signals  [8]. 
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Figure  6.  Overplot  of  temperature  and  relative  humidity  versus  pressure  (hPa)  for  Julian  days  238  and  239. 
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DISCUSSION 


G.S.  BROWN 

Are  you  planning  to  look  at  the  propagation  path  data  using  transmitters  located  on  the  main-land 
but  near  the  coast,  e.g.  "transmitters  of  opportunity?" 

AUTHOR’S  REPLY 

Molly  Barrios  has  already  utilized  some  of  these  data  for  predicting  signal  levels  as  affected  by 
terrain  (paper  9);  otherwise,  we  have  not  yet  looked  at  these  data.  Our  plan  is  to  use  the  data 
from  the  "transmitters  of  opportunity"  in  the  evaluation  of  radio  remote  sensing  techniques  as 
proposed  by  Hitney  [4] . 
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SUMMARY 

Meteorological  measurements  indicating  range 
dependent  refractive  structures  have  been  documented 
by  several  observers  (Goldhirsh  and  Dockery,  1991, 
Anderson,  1991,  Levy  and  Craig,  1991.)  A  central 
concern  arising  from  these  observations  is  the  effect  the 
assumption  of  horizontal  homogeneity  has  on  the 
accuracy  of  propagation  assessments,  where  accuracy  is 
defined  as  the  difference  between  estimated  and 
measured  propagation  loss.  Complicating  the 
discussion  of  variability  are  conflicting  goals  for 
propagation  model  performance  versus  propagation 
assessment  system  performance.  With  the  former,  the 
goal  is  to  minimize  error  at  the  time  of  environmental 
observation  used  for  the  model  inputs.  With  the  latter, 
the  goal  is  to  minimize  error  over  the  time  of  use  of 
propagation  estimates,  a  period  of  time  that  is  often 
measured  in  hours  with  the  current  level  of 
environmental  sensing  technology.  With  these 
considerations  in  mind,  the  effect  of  spatial  and 
temporal  variability  of  the  atmospheric  refractive 
structure  on  real-time  or  nearly  real-time  radio 
frequency  (RF)  propagation  assessment  system 
performance  is  examined. 

1.  INTRODUCTION 

The  Variability  Of  Coastal  Atmospheric  Refractivity 
(VOCAR)  experiment  assessed  the  effects  that  spatial 
and  temporal  variability  of  the  atmospheric  refractive 
structure  in  the  southern  California  coastal  area  have  on 
RF  propagation.  Propagation  loss  measurements  were 
made  for  three  months  on  two  ~  130  km  over-water, 
over-the-horizon  paths  having  a  common  endpoint  but 
on  radials  separated  by  120  degrees.  Propagation  loss 
values  calculated  from  endpoint  atmospheric  soundings 
which  were  made  over  a  ten  day  period,  are  compared 
to  measured  propagation  loss  values  to  examine  the 
errors  arising  from  that  method  of  performing 
environmental  measurement  and  its  implicit  assumption 
of  horizontal  homogeneity. 

2.  EXPERIMENTAL  SETUP 

Figure  1  illustrates  the  geographical  layout  of  the 
VOCAR  experiment.  Three  continous  wave  (CW) 


transmitting  systems  at  143.09,  262.85,  and  374.95 
MHz  are  installed  at  the  northwest  end  of  San  Clemente 
Island  (SCI,  33°-  01.4'  N,  118°-  33.8'  W).  Receiving 
systems  are  located  at  the  Naval  Air  Warfare  Center 
Weapons  Division  (NAWCWPNS),  Point  Mugu  (34°- 
07.2'  N,  119°-  9.4'  W)  and  at  the  Naval  Command 
Control  and  Ocean  Surveillance  Center  RDT&E 
Division,  San  Diego  (32°-  41.8'  N,  117°-  15.9'  W). 
Path  "A"  in  Figure  1  is  from  the  transmitting  site  on 
SCI  to  the  receiving  site  at  Point  Mugu.  Path  "B"  is 
from  the  same  transmitting  site  to  the  receiving  site  in 
San  Diego. 

The  CW  links  provide  detectable  signal  levels  at  the 
receiver  sites  under  standard  atmosphere  conditions. 
Each  transmitting  system  consists  of  a  transmitter, 
cables,  a  power  divider,  and  two  Yagi-Uda  antennas, 
one  aligned  with  the  azimuth  for  path  A  and  the  other 
aligned  with  the  azimuth  for  path  B.  Each  receiving 
system  consists  of  a  log  periodic  antenna,  a  spectrum 
analyzer  used  as  a  receiver  and  a  personal  computer 
used  for  control  and  data  recording.  Path  geometry 
parameters  are  listed  in  the  first  four  rows  of  Table  1. 


Path 

A 

B 

Transmitting  antenna  height  (m) 

18.4 

16,6 

Receiving  antenna  height  (m) 

30.5 

30.5 

Path  length  (km) 

132.6 

127.2 

Azimuth  to  receiver  (deg.) 

337 

106 

143.09  MHz  std.  prop,  factor  (dB) 

-50.4 

-50.4 

262.85  MHz  std.  prop,  factor  (dB) 

-49.1 

-49.0 

374.95  MHz  std.  prop,  factor  (dB) 

-49.4 

-49.4 

Table  1.  Geometry  and  standard  atmosphere 
propagation  factors  for  VOCAR  CW  links. 

The  next  three  rows  of  Table  1  are  the  standard 
atmosphere  propagation  factors  (propagation  loss 
referenced  to  free  space  propagation  loss)  computed 
using  the  geometry  parameters  and  frequency  as  input 
to  the  Engineers  Refractive  Effects  Prediction  System 
(EREPS)  program  (Patterson,  et  al.,  1990.)  It  should  be 
noted  that  under  standard  atmosphere  conditions  for  the 
described  geometry,  at  all  three  frequencies,  troposcatter 
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levels  are  above  diffraction  field  levels,  so  troposcatter 
levels  correspond  to  standard  propagation. 

Receiving  systems  are  operated  in  15  minute  cycles. 
Within  each  15  minute  cycle,  five  sampling  cycles  are 
run.  During  each  sampling  cycle,  at  each  of  the  3  CW 
frequencies,  instantaneous  measurements  of  peak 
amplitude,  peak  amplitude  frequency  and  noise  level 
were  measured  and  stored.  After  the  fifth  sampling 
cycle,  the  measurements  were  averaged  and  recorded  to 
disk. 

3.  LONG  TERM  OBSERVATIONS 

Figure  2  is  a  time  series  of  the  received  signal  level 
(RSL)  at  262.85  MHz  on  both  path  A  and  path  B  for  the 
period  June  1,  1993  through  September  7,  1993.  The 
abscissa  is  days  of  the  year  and  the  ordinate  is  the 
propagation  factor  in  dB.  The  most  striking  feature  of 
the  plot  is  the  large  portion  of  time  that  signals  are 
above  troposcatter  levels.  It  is  observed  that  the  gross 
features  are  largely  homogeneous,  that  is,  when  there 
are  elevated  signal  levels  on  path  A  there  are  also 
elevated  signal  levels  on  path  B.  Short  term  deviations 
from  the  mean  value  over  fractions  of  a  day  do  not 
appear  to  be  correlated  between  the  two  paths.  Plots  of 
the  signals  at  143.09  MHz  and  374.95  MHz  (not 
included  in  this  paper)  are  similar  in  appearance. 

The  linear  auto  correlations  and  the  cross  correlation  for 
the  262.85  MHz  signals  on  both  paths  A  and  B  are 
plotted  in  Figure  3.  The  abscissa  is  from  -384  to  384  lag 
hours,  i.  e.  hours  that  the  signal  on  path  B  lags  the 
signal  on  path  A.  The  solid  line  is  the  autocorrelation 
of  the  path  A  signal  and  the  dashed  line  is  the  auto 
correlation  of  the  path  B  signal.  Differences  between 
the  two  are  slight.  The  dot-dashed  line  is  the  cross 
correlation  between  the  path  A  and  path  B  signals.  The 
cross  correlation  appears  very  close  to  the  auto 
correlations  except  in  the  immediate  vicinity  of  zero 
lags,  where  it  reaches  a  maximum  value  of  0.68. 

A  reduced  abscissa  scale  is  used  in  Figure  4  to  provide 
better  detail  of  the  262.85  MHz  correlation  functions  in 
the  vicinity  of  zero  lags.  The  peak  cross  correlation 
occurs  at  approximately  1.5  hours  of  lag  and  the  cross 
correlation  function  is  nearly  symmetric  about  its  peak. 
This  could  be  explained  as  a  large  component  of  the 
signal  level  amplitude  on  path  B  appearing  as  a  time 
shifted  function  of  the  signal  amplitude  on  path  A. 

For  validation  of  models  and  assessment  systems,  it  is 
the  error  of  the  estimates  that  is  directly  of  interest, 
rather  than  the  correlation,  even  though  the  error  is  a 
function  of  the  correlation.  The  emphasis  will  now  be 
shifted  to  the  analysis  of  effects  of  spatial  and  temporal 
variability  upon  the  error  of  propagation  loss  estimates. 

4.  ESTIMATION  ACCURACY  LIMITATIONS 

When,  how,  and  where  to  sense  the  environment  are 
among  the  principal  questions  still  to  be  answered  in 
propagation  assessment  (Richter,  1994.)  Use  of  the 
estimates  of  propagation  effects  tends  to  be  uniformly 
distributed  over  time  (i.e.  detection  ranges  are  of  as 


much  interest  at  1400  as  at  1230.)  Environmental 
inputs  for  calculating  propagation  estimates  in  many 
cases  though,  are  obtained  at  discrete  times;  e.g., 
atmospheric  soundings  are  taken  at  1200,  1600,  etc. 
The  selection  and  use  of  sensors  is  an  optimization 
problem  and  the  form  of  that  problem  is  to  minimize 
estimation  error  while  constrained  by  cost  and 
operations  or  to  minimize  cost  within  error  and 
operational  constraints.  In  either  case,  it  is  essential  to 
know  the  error  of  propagation  estimates  over  the  period 
of  time  that  they  are  used  as  estimates. 

Example 

An  example  of  such  an  optimization  problem  would  be 
choosing  the  best  estimator  for  the  propagation  effects 
on  a  path  of  interest  using  either  1)  range  dependent 
refractivity  profiles  obtained  at  four  hour  intervals  taken 
on  the  path  of  interest,  or  2)  continuously  available, 
remotely  sensed,  refractive  profiles  from  a  different 
path.  Figure  5  is  a  time  series  of  the  received  signal 
level  at  262.85  MHz  that  illustrates  the  trade-off  of 
determining  optimal  sensor  usage.  The  measured 
signal  level  on  path  A  (the  value  that  is  to  be  estimated) 
is  plotted  using  a  thin  solid  line.  The  potential 
performance  of  the  two  regimes  (defined  here  as  the 
systems  and  methodologies  employed  for  developing 
propagation  loss  estimates)  are  now  illustrated  using 
measured  data. 

The  thick  solid  line  in  figure  5  is  representative  of  the 
optimal  performance  for  a  method  of  propagation 
estimation  where  model  inputs  are  from  high  resolution 
range  dependent  refractivity'  profiles  taken  at  four  hour 
intervals  and  where  the  estimate  created  from  the  last 
environmental  sampling  is  used  as  the  current  estimate 
(i.e.  no  averaging.)  Its  performance  is  simulated  by 
four-hour  sample-and-hold  values  of  the  measured  loss 
on  path  A. 

Justification  for  stating  that  the  sample-and-hold  values 
optimize  (i.e.  minimize  the  error  of  )  this  method  of 
estimation  is  as  follows:  Neglecting  computational 
considerations,  a  perfect  radio  propagation  model’s 
calculations  of  propagation  loss  should  asymptotically 
approach  the  actual  values  of  the  propagation  loss  as  the 
spatial  resolution  of  the  environmental  inputs  is 
increased  and  the  range  step  size  is  decreased. 
Decreasing  spatial  resolution  of  the  environmental 
inputs  while  holding  range  step  size  constant  should 
result  in  errors  in  estimating  current  actual  values  that 
are  uncorrelated  with  difference  between  the  current 
and  future  actual  values,  as  information  about  current 
and  future  events  are  not  being  added  to  the  estimates. 
If  it  is  assumed  that  the  actual  and  estimated  values  are 
identically  distributed,  and  that  the  differences  between 
current  estimates  and  current  actual  values  are 
uncorrelated  with  differences  between  current  and 
future  actual  values,  it  can  be  shown  that  the  minimum 
error  will  occur  when  the  current  estimate  is  equal  to 
the  current  actual  value. 
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Remote  sensing  techniques  such  as  the  GPS  sounder 
(Anderson,  1994)  are  currently  under  development  for 
inferring  effective  refractivity  from  the  integrated 
refractive  effects  along  the  entire  transmission  path 
(Richter,  1994.)  These  techniques  hold  promise  for 
real-time  or  nearly  real-time  retrievals  of  profiles  of 
integrated  refractive  effects.  The  high  frequency  of 
updates  means  the  estimates  are  amenable  to  filtering 
for  error  reduction.  The  path  on  which  the  effects  are 
sensed  though,  is  not  necessarily  on  the  path  of  interest. 

The  performance  of  using  remotely  sensed  refractivity 
data  on  another  path  as  an  estimate  is  illustrated  using 
the  recursively  filtered  signal  level  on  path  B  to  estimate 
the  signal  level  on  path  A.  Let  y[i]  be  the  actual  signal 
level  on  path  A  and  x[z]  be  the  actual  signal  level  on 
path  B.  A  recursive  estimate  of  the  signal  level  on  path 
A  (j)[z])  is  calculated  from  equations  1  and  2.  In  this 
case  the  coefficient  a  has  been  arbitrarily  set  to  0.2. 
The  filter  output  is  shown  using  the  dotted  line  in  figure 
5. 

m = xt°]  w 

j/[z]  =  ax[i\  +  (\-a)-  j/[z  - 1]  (2) 

An  important  visual  impression  from  figure  5  is  that  the 
path  A  sample-and-hold  values  often  take  on  the 
extreme  values  of  the  data.  There  is  no  reason  for 
estimates  developed  from  high  spatial  resolution 
atmospheric  refractivity  profiles  not  to  take  on  local 
extreme  values  seen  in  the  data;  they  should  be 
distributed  exactly  as  are  the  data.  The  insight  to  be 
gained  from  this  observation  is  that  without  employing 
temporal  or  spatial  averaging  of  estimates,  the  variance 
of  the  estimates  should  not  be  expected  to  be  less  than 
that  of  the  instantaneous  values.  Another  important 
observation  is  that  it  is  not  altogether  clear  which  of  the 
two  illustrated  methods  of  estimation  is  superior.  It  is 
only  by  computing  accuracy  statistics  that  judgment  can 
be  made. 

Accuracy  Criteria 

Correlation  is  routinely  thought  of  in  terms  of  lag  time 
but  estimation  error  is  not.  When  the  use  of  estimates 
occurs  more  frequently  than  the  observations  used  to 
create  estimates,  the  estimation  error,  as  a  function  of 
the  time  interval  since  an  observation,  is  as  important  as 
the  instantaneous  error.  Equation  3  is  the  general  form 
for  the  root-mean-squared  error  (RMSE)  of  estimating 
x[i  +  k ]  using  x[z],  where  k  is  the  number  of  time 
intervals  between  the  creation  and  the  use  of  the 
estimate.  The  instantaneous  error  at  the  time  of  an 
observation  is  with  k  equal  to  zero.  In  equation  4,  the 
expected  value  of  the  RMSE  is  related  to  the  standard 
deviation  (cr)  and  mean  (ju)  of  the  actual  values  and 
those  of  the  estimator,  as  well  as  the  cross  correlation 
(p)  of  the  actual  value  and  the  estimator.  The 


difference  in  the  means  (jux  -  p^)  is  referred  to  as  the 
bias. 
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Insight  into  the  criteria  for  judging  the  goodness  of 
estimators  in  propagation  assessment  is  provided  by 
closer  examination  of  equation  4.  It  is  quite  common  in 
propagation  model  validation  to  use  comparisons  of  the 
distributions  of  estimated  and  predicted  values  or  to  use 
their  correlation.  For  the  purpose  of  validating 
assessment  systems,  use  of  either  one  of  these  measures, 
by  itself,  does  not  adequately  describe  the  accuracy  of 
estimators.  It  is  seen  in  equation  4  that  having  RMSE 
equal  to  zero  implies  that  x[z  +  k]  equals  x[z ]  and  thus 
they  are  identically  distributed  and  their  correlation  is 
equal  to  1.0.  Having  the  correlation  between  x[/  +  k\ 
and  x[z]  equal  to  zero  though,  does  not  by  itself  imply 
that  RMSE  is  equal  to  zero.  Although  x[/  +  k ]  and 
x[z]  being  identically  distributed  implies  that  their 
means  and  standard  deviations  are  equal,  it  does  not 
imply  that  RMSE  is  equal  to  zero.  The  point  is  that 
neither  the  correlation  nor  comparisons  of  distributions 
alone  sufficiently  describe  the  accuracy  of  estimates. 

Use  of  a  statistic  other  than  the  RMSE  as  the  primary 
statistic  for  the  validation  of  propagation  assessment 
systems  should  be  the  exception  rather  than  the  rule. 
An  instance  of  such  an  exception  is  when  using  a 
possibly  biased  experimental  data  set  to  find  the 
potential  accuracy  of  such  an  estimator  where  the  value 
of  the  expected  bias  is  zero.  Under  such  conditions  it  is 
appropriate  to  use  the  standard  error  (SE),  which  is  the 
standard  deviation  of  the  error  of  estimating  x[z  +  A] 
using  x[i].  It  is  found  using  equation  5  and  its 
expected  value  is  found  by  equation  6.  Comparing 
equations  5  and  6  to  equations  3  and  4  respectively,  it  is 
seen  that  the  SE  is  the  RMSE  with  the  bias  term 
removed. 
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E{SE[k ])  -  (a2x  +al -2-cj xa kp xJc\k^/2  (6) 

When  using  the  previously  measured  received  signal 
levels  on  path  A  to  estimate  the  received  level  on  path 
A,  the  estimator  is  inherently  unbiased.  This  is  not  the 
case  when  using  the  loss  on  path  B  to  estimate  the  loss 
on  path  A.  To  provide  for  level  comparisons,  the  SE 
will  be  used  to  determine  the  potential  accuracy  of 
estimators  of  the  received  signal  on  path  A  based  upon 
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received  signal  level  measurements  on  both  path  A  and 
path  B. 

Potential  estimator  performance 

In  Figure  6,  the  SE  of  the  exact  estimator  of  the  current 
RSL  on  path  A  (solid  line)  is  plotted  as  a  function  of  the 
time  lag  (or  delay)  since  the  ideal  estimator  was  current 
using  a  solid  line.  When  the  estimate  is  current  (lag 
hours  equal  to  zero)  there  is  no  error,  however 
measurements  15  minutes  later  show  greater  than  4  dB 
SE,  and  four  hours  later  the  SE  is  over  7  dB.  The  SE  of 
using  the  RSL  on  path  B  as  the  estimator  of  the  RSL  on 
path  A  is  shown  using  the  ‘long  dashes”  line.  At  zero 
lags  the  error  is  slightly  greater  than  8  dB;  yet  the 
increase  in  the  error  over  the  next  four  hours  is  only  0.5 
dB.  A  roughly  1  dB  improvement  in  accuracy  of  the 
estimates  is  found  when  the  path  B  RSL  measurements 
are  processed  using  the  filter  described  in  equations  1 
and  2. 

Therefore,  temporal  resolution  must  be  increased  at  the 
same  time  that  spatial  resolution  is  increased  in  order  to 
realize  substantial  gains  in  the  accuracy  of  propagation 
loss  estimation.  Realizing  the  best  accuracy  obtainable 
by  including  range  dependent  refractivity  profiles  in  the 
estimation  process  may  be  difficult  though.  For 
example,  the  statistics  plotted  in  figure  6  are  based  upon 
averages  of  five  instantaneous  measurements  taken 
within  a  fifteen  minute  period.  The  variance  of  each  of 
the  instantaneous  values  is  greater  than  or  equal  to  the 
variance  of  the  averages,  therefore  the  slope  of  the  path 
A  curve  would  be  as  steep  or  steeper  if  the  data  were 
obtained  using  a  higher  sampling  frequency.  Another 
difficulty  is  timing;  obtaining  even  a  modest  number  of 
evenly  spaced  vertical  refractivity  profiles  along  a 
transmission  path,  all  within  seconds  of  each  other,  is  a 
clearly  difficult  task. 

5.  ESTIMATION  ERROR  USING  RADIOSONDES 

From  August  23,  1993  to  September  2,  1993,  personnel 
from  NAWCWPNS,  Point  Mugu  launched  43 
radiosondes  from  SCI,  the  seaward  endpoint  for  both 
paths  A  and  B.  The  radiosondes  were  launched  at 
roughly  four  hour  intervals.  The  modified  refractivity 
profiles  (M-profiles)  calculated  from  these  soundings 
along  with  the  path  geometries  (Table  1)  were  used  as 
inputs  to  the  Radio  Physical  Optics  program  (Hitney, 
1992)  to  calculate  propagation  loss  values  for  path  A  in 
a  10  km  by  5  m  (range  by  height)  window  centered 
about  the  location  of  the  receiving  antenna.  The  M- 
profiles  were  used  as-is  except  in  the  first  100  meters 
where  the  measured  profile  was  replaced  with  the  M- 
profile  of  a  standard  atmosphere  to  negate  the  effects  of 
localized  heating  on  the  atmosphere  close  to  the  ground. 
Propagation  loss  values  used  for  this  analysis  were 
averages  of  the  approximately  800  propagation  loss 
values  in  the  described  window.  Measurements  of  the 
accuracy  of  the  propagation  estimates  for  path  A  based 
upon  measured  values  on  path  A,  measured  values  on 
path  B  (note  that  these  are  unfiltered,)  and  the  SCI 
radiosondes  are  now  examined. 


The  error  curves  for  the  Path  A  estimator,  the  Path  B 
estimator,  and  the  SCI  radiosondes  as  functions  of  the 
time  since  an  observation  are  shown  in  figure  7.  The 
performance  of  path  A  and  path  B  estimators  differ  only 

slightly  from  that  seen  in  figure  6.  The  primary 
difference  is  the  better  performance  of  path  B  estimates. 
With  respect  to  these  statistics,  the  period  of  August  23, 
1993  to  September  2,  1993  is  fairly  representative  of  the 
three  month  observation  period  for  the  whole  VOCAR 
data  set.  The  error  using  the  SCI  radiosondes  (dot- 
dashed  line)  is  not  as  smooth  as  the  other  two.  This  is 
because  there  are  only  43  radiosondes  compared  to 
approximately  1000  measured  propagation  factor 
values;  each  SE  calculation  in  figure  7  for  the  SCI 
radiosonde  based  estimates  is  based  on  just  43  error 
values.  Each  path  A  and  path  B  SE  value  is  based  on 
1000  error  values.  The  jaggedness  of  the  line 
notwithstanding,  it  is  clear  that  the  estimates  based 
upon  the  SCI  radiosondes  are  slightly  better  estimators 
of  the  propagation  factor  on  path  A  than  are  the 
estimates  derived  from  the  propagation  factors  on  path 
B.  Furthermore,  these  estimates  are  only  marginally 
worse  than  using  the  previously  measured  propagation 
factor  on  path  A  when  the  lag  exceeds  two  hours. 

The  foregoing  error  analysis  confirms  the  following:  1) 
There  is  an  uncorrelated  error  component  in  the  signal 
of  roughly  5  dB  that  is  difficult  to  predict;  2) 
propagation  loss  calculations  based  on  seaward 
radiosondes  (where  horizontal  homogeneity  is  implicitly 
assumed)  can  provide  propagation  factor  estimates  as 
good  as  having  the  actual  propagation  loss  on  the  path 
of  interest  an  hour  previously;  and  3)  the  potential 
exists  for  propagation  loss  calculations  based  on 
remotely  sensed  integrated  path  refractivity  from  paths 
other  than  the  path  of  interest  to  provide  accuracy  on  a 
par  with  calculations  based  on  the  best  radiosondes. 

6.  CONCLUSIONS 

1.  The  development  and  the  operation  of  a  real  or 
near  real-time  propagation  assessment  system  should  be 
viewed  as  an  optimization  problem,  either  minimizing 
error  subject  to  constraints  on  cost,  etc.  or  minimizing 
cost  subject  to  constraints  on  accuracy,  availability,  etc. 

2.  The  error  over  the  period  of  time  that  estimates 
are  used  is  of  important,  not  just  the  error  at  the  time  of 
the  observations  used  to  make  a  propagation  estimate. 

3.  Comparisons  of  distributions  of  measured 
propagation  effects  and  model  estimates  is,  by  itself,  not 
sufficient  to  describe  the  accuracy  of  the  model 
estimates.  The  same  may  be  said  for  the  correlation. 
The  rule  forjudging  the  accuracy  of  estimates  should  be 
to  use  the  root-mean-squared  error. 

4.  The  accuracy  of  propagation  loss  estimates  is 
as  much  a  function  of  temporal  resolution  as  it  is  of 
spatial  resolution.  Temporal  resolution  must  be 
increased  at  the  same  time  as  spatial  resolution  to 
achieve  substantial  improvements  estimation  accuracy. 
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DISCUSSION 


D.  DION 

Do  you  think  that  the  time  variability  and  the  width  of  the  notch  in  the  autocorrelation  function 
can  be  reliably  predicted  from  the  prevailing  atmospheric  conditions? 

AUTHOR’S  REPLY 

The  width  of  the  autocorrelation  function  of  the  propagation  factor,  itself  a  measure  of  temporal 
variability,  is  a  non-linear  function  of  frequency,  path  geometry,  and  the  state  of  the  propagation 
environment  including  its  rate  of  change.  Predicting  the  shape  of  the  autocorrelation  from 
prevailing  atmospheric  conditions  is  probably  a  difficult  problem. 

J.  CLAVERIE 

You  have  shown  that  using  propagation  data  from  a  path  A  to  explain  propagation  on  path  B, 
you  had  quite  better  results  than  using  meteorological  data.  We  had  "similar"  conclusions  from 
our  LORIENT  89  campaign:  for  2  identical  geometrical  paths,  3  GHz  data  gave  better  results 
to  explain  36  GHz  data  than  using  meteorological  measurements.  In  fact,  the  question  is:  can 
we  expect  to  make  good  propagation  predictions  without  using  meteorological  data? 

AUTHOR’S  REPLY 

Propagation  estimates  calculated  from  over-water  meteorology  provided  roughly  the  same 
accuracy  for  estimating  propagation  on  path  A  as  did  radio  measurements  from  path  B.  Only 
propagation  calculations  based  upon  shore  meteorology  performed  substantially  worse  than  the 
radio  measurements  for  estimating  propagation  on  path  A.  Radio  measurements  do  accurately 
measure  a  path’s  integrated  refractive  effects  in  real  time  but  suitable  emitters  are  not  always 
available.  Just  how  accurate  measurements  of  integrated  refractive  effects  at  one  frequency  are 
at  estimating  the  integrated  refractive  effects  at  another  frequency  has  yet  to  be  determined. 
Meteorological  modeling  and  measurements  may  give  you  horizontal  structure  and,  if  forecast, 
a  predictive  capability.  Combining  meteorological  and  radio  data  should  provide  better 
propagation  assessments  than  either  used  alone. 

K.  DAVIDSON 

Would  a  merging  of  remote  MLD  estimates,  as  frequent  as  overpass,  and  end-point  radiosondes, 
at  6-12  hours,  be  a  good  idea? 

AUTHOR’S  REPLY 

One  important  use  of  such  data  is  for  indication  of  which  areas  are  representative,  and  which 
are  not.  Your  images  of  the  VOCAR  area  indicated  that  meteorological  conditions  along  the 
shoreline  were  not  representative  of  the  over  water  areas  for  portions  of  time  during  the  VOCAR 
experiment.  This  was  verified  by  the  greater  error  of  propagation  calculations  based  upon 
shoreline  path  end-point  radiosondes  (Pt.  Mugu)  as  compared  to  propagation  calculations  based 
upon  mid  path  (R.V.  Point  Sur)  and  seaward  end  point  (San  Clemente  Island)  sounding. 
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K.H.  CRAIG 

Your  autocorrelation  function  showed  no  evidence  of  diurnal  effects.  In  NW  Europe  surface  and 
elevated  layers  due  to  subsidence  and/or  advection  often  show  such  effects.  Can  you  comment 
please? 

AUTHOR’S  REPLY 

Significant  diurnal  effects  have  not  been  observed  in  the  over  water  VOCAR  links,  however 
other  researchers  have  identified  diurnal  effects  in  the  VOCAR  links  running  along  the  shore 
line. 

It  should  be  noted  that  the  evaporation  duct,  a  phenomenon  which  is  often  observed  to  be  diurnal 
in  coastal  areas,  has  little  effect  on  propagation  as  VHF/UHF  frequencies. 

J.  TURTON 

Referring  to  fig  4  (as  in  the  paper).  If  there  was  only  one  ship  out  in  the  bay  making  radiosonde 
measurements  for  propagation  predictions  along  a  variety  of  different  paths,  does  the  data  shown 
in  the  figure  suggest  that,  because  of  the  variability  of  the  atmosphere  (temporally  and  spatially), 
there  would  be  no  point  in  making  sounding  at  intervals  of  less  than  6  hours  (because  of  the 
flatness  of  the  CCF  A&B  curve)? 

AUTHOR’S  REPLY 

Your  interpretation  is  correct  for  propagation  estimates  where  no  temporal  averaging  of 
propagation  model  calculations  is  employed.  Figure  7  is  better  for  answering  the  question  as 
it  plots  RMS  error  as  a  function  of  lag  time  for  propagation  calculations  based  upon  radiosondes. 

J.H.  RICHTER  (Comment) 

Regarding  Dr.  Craig’s  question  concerning  the  lack  of  evidence  of  diurnal  changes:  we  have 
looked  at  thousands  of  hours  of  FM-CW  radar  (mentioned  in  paper  1)  observations  that 
continuously  and  accurately  measure  height  changes  of  refractive  layers  with  the  intent  of 
identifying  diurnal  changes.  We  found  no  clear  evidence  of  diurnal  changes. 
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SUMMARY 

Measurements  of  the  lower  atmosphere  from  the  southern 
California  coastal  area  were  obtained  from  a  number  of 
sources  during  the  23  Aug  -  03  Sep  1993  VOCAR  Intensive 
Observation  Period  (IOP).  Data  from  high-resolution 
radiosondes,  surface  stations,  aircraft  and  weather  satellite 
have  been  collected  for  use  in  identifying  mesoscale 
atmospheric  phenomena  and  related  refractive  features. 
Spatial  and  temporal  variations  in  the  height  of  the  elevated 
duct  associated  with  these  phenomena  are  a  major  factor  in 
determining  refractive  conditions  in  this  region.  An 
automated  isentropic  cross-section  analysis  tool  is  being 
applied  to  the  upper-air  data,  to  facilitate  correlation  with 
analyses  of  data  from  satellite  imagery  and  the  other  sources. 

1.  INTRODUCTION 

Ocean  areas  are  typically  covered  by  a  mixed  boundary  layer 
up  to  one  or  two  kilometers  deep,  with  relatively 
homogenous  properties  throughout.  A  strong  superrefractive 
layer  or  elevated  duct  is  often  found  at  the  quasi-horizontal 
interface  between  this  moist  marine  air  mass  and  an 
overlying  warmer,  drier  air  mass.  The  altitude  of  this 
interface  and  the  optimum  coupling  height  within  the 
elevated  duct  are  usually  coincident.  This  condition  is 
especially  common  over  areas  such  as  the  eastern  Pacific 
Ocean  in  temperate  latitudes,  where  high  pressure  and 
subsidence  cause  warming  aloft  which  intensifies  the  vertical 
contrast  between  the  lower  and  upper  air  masses. 

Influence  of  the  elevated  duct  on  low  level  radar/radio 
propagation  is  greatly  affected  by  the  duct  height,  so  a 
knowledge  of  the  factors  governing  the  topography  of  the 
interface  is  needed  for  understanding  and  anticipating 
changes  in  the  operational  propagation  environment.  Range 
dependent  propagation  effects  are  specially  sensitive  to 
spatial  changes  over  mesoscale  distances  (roughly  10  to  100 
kilometers).  Over  the  open  ocean  there  are  no  long-term 
geographically  stationary  processes  on  this  scale,  except  in 
the  vicinity  of  strong  sea  surface  temperature  gradients.  In 
coastal  regions,  however,  the  dominant  factors  tend  to  be 
terrain-related  so  that  certain  characteristic  patterns  relative 
to  the  fixed  terrain  features  will  be  observed,  for  similar 
atmospheric  conditions.  Terrain-induced  variations  in 
refractive  layering  should  be  both  more  robust  and  more 
predictable  than  variations  over  the  open  sea.  Although  in 
any  coastal  zone  atmospheric  processes  generic  to  that  type 
of  environment  will  occur,  significant  differences  at  different 
localities  can  be  expected  related  to  local  climate,  and 
orientation  and  shape  of  coastline  and  terrain  features. 

A  large  number  of  different  kinds  of  measurements  were 
made  during  the  VOCAR  IOP  to  determine  the  refractive 
variability  during  concurrent  propagation  measurements 
made  by  the  NCCOSC  RDT&E  Division  San  Diego  (NRaD), 
and  the  meteorological  factors  responsible  for  those 
variations.  At  NAWCWPNS  Point  Mugu  compilation  and 
analysis  of  several  sets  of  data  are  being  carried  out, 
including  radiosonde  profiles,  aircraft  soundings,  weather 
satellite  imagery  and  surface  observations.  A  basic  goal  is  to 
combine  the  different  types  of  information  to  identify  and 
follow  the  evolution  of  the  coastal  meteorological 
phenomena  and  associated  refractive  conditions,  with 
emphasis  on  behavior  of  the  elevated  duct.  Various  analysis 
tools  are  being  used  which  may  have  operational  utility  for 
Fleet  applications.  Described  below  is  some  preliminary 
information  resulting  from  this  effort. 


2.  DATA  SOURCES  AND  APPLICATION 
2.1  Radiosondes 

The  existing  upper-air  stations  in  coastal  southern  California 
were  not  adequate  for  the  purposes  of  the  VOCAR  IOP.  Two 
of  these  stations,  at  Vandenberg  Air  Force  Base  and  at 
Montgomery  Airfield  (San  Diego),  provide  data  only  at  the 
two  synoptic  times  00Z  and  12Z.  Furthermore,  they  are 
located  a  few  miles  inland  at  altitudes  over  100  meters,  so 
often  are  not  representative  of  the  lower  marine  atmosphere 
containing  the  elevated  duct.  Two  other  stations,  at  Point 
Mugu  and  San  Nicolas  Island,  are  acceptably  located  but 
data  are  not  normally  obtained  at  night  or  on  weekends. 
Therefore,  special  measurements  were  taken  at  the  seven 
island  and  coastal  sites  shown  in  Figure  1,  distributed  to 
provide  better  coverage  of  the  area  of  interest.  These  sites 
were  in  operation  from  23  August  to  03  September  1994, 
comprising  Point  Arguello  (PGU),  Point  Mugu  (NTD),  Point 
Vicente  (PVL),  Camp  Pendleton  (CPN),  and  North  Island 
(NZY)  along  the  coast,  and  San  Clemente  (NUC)  and  San 
Nicolas  (NSI)  Islands  offshore.  An  eighth  site  was  provided 
by  a  Naval  Postgraduate  School  (NPS)  ship,  which  from  25 
to  30  August  was  near  a  location  centered  in  the  region 
between  Point  Mugu,  San  Clemente  Island,  Point  Vicente, 
and  San  Nicolas  Island.  The  ship  also  made  soundings  while 
enroute  to  and  from  this  location,  along  the  coast  to  the 
north.  A  four-hour  release  schedule  was  attempted  at  the 
eight  sites,  although  midnight  soundings  were  omitted  except 
at  the  ship.  Vaisala  MARWIN  systems  or  the  Navy  MRS 
version  were  employed,  with  data  mostly  recorded  at  two- 
second  intervals,  although  some  sites  changed  to  a  five  or  ten 
second  interval  at  five  or  ten  minutes  after  release.  The  raw 
data  were  edited  to  remove  occasional  bad  points  or  periods. 
Over  425  radiosonde  releases  were  made  during  the  IOP, 
which  after  editing  and  compression  required  26  Mb  (million 
bytes)  of  disk  storage  space. 
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Figure  1.  VOCAR  radiosonde  sites  during  IOP:  PGU=Point 
Arguello,  NTD  =  Point  Mugu,  PVL  =  Point  Vicente 
Lighthouse, CMP=Camp  Pendleton,  NZY=North  Island,  NSI=San 
Nicolas  Island,  NUC=San  Clemente  Island,  NPS=Naval 
Postgraduate  School;  also  GAV=Tethersonde  at  Gaviota.  Highest 
terrain  inland  (darkest  shade)  is  about  3000  meters  altitude. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “ Propagation  Assessment  in 
Coastal  Environments"  held  in  Bremerhaven,  Germany  19-22  September  1994. 


32-2 


2.11  UpDown  Soundings 

At  four  sites  (PGU,  NSI,  NPS  and  NUC)  a  large  percentage 
of  the  soundings  were  tracked  during  both  ascent  and 
descent.  The  upward  progress  of  the  radiosonde  during  these 
"UpDown"  soundings  was  terminated  using  a  method 
devised  by  the  author,  with  subsequent  descent  by  parachute 
from  roughly  3  to  6  km  altitude  to  yield  an  additional  nearby 
sounding  through  the  lower  atmosphere.  The  descent  and 
ascent  rates  were  similar,  roughly  2  to  4  meters  per  second. 
Although  the  horizontal  location  of  the  descent  was  not 
controllable,  due  to  site  locations  and  prevailing  winds  the 
final  impact  point  generally  occurred  overwater  within  about 
10  to  20  km  from  the  release  point.  Most  were  tracked  re¬ 
entering  the  elevated  trapping  layer  and  many  were  followed 
to  the  surface.  In  addition  to  doubling  the  amount  of  data 
obtained  from  the  altitudes  of  particular  refractive  interest, 
the  UpDown  soundings  are  valuable  for  investigating 
radiosonde  sensor  characteristics,  and  spatial-temporal 
variability  in  atmospheric  properties.  Figure  2  is  a  plot  of 
temperature  and  dewpoint  for  one  such  pair  of  soundings.  A 
substantial  difference  in  altitude  of  the  inversion  base  is 
apparent,  for  a  separation  of  about  20  minutes  and  10  km. 
Also,  in  a  number  of  cases  such  as  that  shown,  the  humidity 
transition  at  the  top  of  the  marine  layer  is  less  abrupt  during 
descent  than  ascent.  This  may  indicate  a  hysteresis  in 
humidity  response  due  to  sensor  lag,  or  be  due  in  part  to 
mixing  down  of  drier  air  in  the  lee  of  the  island  or  coastal 
site  where  the  radiosonde  was  released.  Surface  conditions 
shown  for  the  ascent  from  the  island  release  site  are  not 
representative  of  the  environment  indicated  during  the 
subsequent  descent  to  the  water  surface  offshore. 


Figure  2.  NSI  UpDown  sounding  for  25  August  1  993,  20Z 
(1 200PST  local  time).  Temperature  (right)  and  dewpoint  (left); 
ascent  thick  lines  with  open  squares,  descent  thin  lines  with  filled 
circles.  Difference  in  altitude  of  features  indicates  changes  over 
about  20  minutes  and  1 0  km.  Note  difference  in  first  few  hundred 
meters  between  land  (ascent)  and  ocean  (descent)  environments. 


2.12  Automated  Cross-Section  Analysis 
When  investigating  variability  in  atmospheric  structure  in 
temporal  or  spatial  sequences  of  radiosonde  profiles, 
construction  of  vertical  cross-sections  is  a  helpful 
analytical  procedure.  The  use  of  potential  temperature  as  a 
vertical  coordinate  is  advantageous  for  this  purpose,  usually 
as  a  tool  in  analysis  of  synoptic  weather  features,  but  also 
recognized  as  valuable  for  refractive  analysis  (Levy  and 
Craig,  1992).  An  automated  process  for  generating  time  or 
space  cross-sections  of  refractive  layering  using  potential 
temperature  (isentropic)  vertical  coordinates  has  been 
developed  (Helvey,  1994). 

The  scheme  is  presently  implemented  in  HiSoft  BASIC  on 
an  Amiga  desktop  computer.  It  has  provisions  for  estimating 


missing  sections  of  profiles,  and  ensuring  that  the  analyzed 
atmospheric  layers  are  always  of  finite,  positive  thickness. 
Some  smoothing  of  the  raw  2-second  data  is  performed. 
Superadiabatic  layers  are  eliminated  since  potential 
temperature  is  required  to  increase  monotonically  upwards  to 
serve  as  the  vertical  coordinate.  More  precisely,  virtual 
potential  temperature  is  used;  it  is  believed  preferable  to 
equivalent  potential  temperature  since  the  latter  is  unduly 
sensitive  to  moisture  variations  along  the  profile.  The 
altitudes  of  an  upper  and  lower  bounding  isentrope  are 
interpolated  for  reference,  which  encompass  the  maximum 
and  minimum  overall  potential  temperatures  reported;  for 
mathematical  expedience  they  are  not  confined  to  the 
vertical  limits  of  the  analysis  domain  (the  lower  reference 
can  be  partly  at  negative  altitudes).  The  interpolation  is  done 
using  a  cubic  spline  under  tension,  which  tends  to  reduce 
unsupported  waviness  between  the  reported  profile  points. 
Thicknesses  of  intermediate  isentropic  layers  are  similarly 
interpolated  laterally(a  transformation  to  and  from  the 
logarithm  of  thickness  is  performed  to  preclude  the 
possibility  of  layers  with  negative  thickness).  These 
thicknesses  are  integrated  vertically  to  obtain  relative 
altitudes  at  each  horizontal  interpolation  point,  then  scaled  to 
fit  within  the  original  upper  and  lower  reference  isentropes. 
Observed  pressure,  temperature  and  mixing  ratio  values  are 
then  interpolated  along  the  isentropes,  and  corresponding 
refractivities  computed. 

When  applied  to  a  series  of  radiosonde  profiles  located  along 
or  near  a  horizontal  line,  the  procedure  results  in  a  height 
versus  distance  grid  of  refractivity  values  suitable  for  range- 
dependent  propagation  model  input.  When  applied  to  a  series 
of  soundings  for  a  single  site,  the  results  depict  the  temporal 
variability  in  refractive  layering  at  that  location.  An  example 
of  the  latter  is  given  in  Figure  3,  which  shows  a  time  cross- 
section  at  NSI,  during  the  VOCAR  IOP  23  August  through 
02  September  1993.  The  wavy  lines  running  across  the  plot 
show  variations  in  the  atmospheric  layering,  for  selected 
isentropes  (potential  temperatures).  Troughs  in  the  isentropes 
indicate  comparitively  warm  periods,  ridges  indicate  cold. 
Refractive  gradients  are  shown  by  shading;  light  shading 
for  superrefractive,  dark  for  trapping,  and  solid  black  for 
strong  trapping.  The  strongest  and  most  persistent  layering 
is  at  the  top  of  the  marine  layer,  which  moves  up  and  down 
between  about  100  to  600  meters  altitude  through  the  period, 
lowest  around  27  August,  highest  29-30  August. 


DAY  (PST) 


Figure  3. 1 1  -day  isentropic  time  cross-section  for  NSI,  23  Aug  to 
02  Sep  93.  Vertical  lines  separate  days  (PST).  Wavy  lines  are 
isopleths  of  potential  temperature.  Refractive  gradients  shown  by 
shading,  light  for  superrefractive,  dark  for  trapping.  The  main 
elevated  duct  moves  up  and  down  with  the  top  of  the  marine  layer. 
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Another  cross-section  for  NSI  is  given  in  Figure  4,  for  a 
single  24-hour  period,  28  Aug  1993.  Even  some  of  the  less 
significant  layers  aloft  apparently  persist  over  several 
sounding  intervals. 

Since  the  soundings  were  not  always  simultaneous  at  all 
sites,  and  were  occasionally  missing,  another  application  of 
the  time-sections  will  be  to  estimate  synchronous  conditions 
for  use  in  constructing  space  cross-sections. 


RADIOSONDE  RELEASE  TIME  (PST) 


Figure  4.  Same  as  Figure  3,  but  for  one  day,  28  Aug  93.  The 
amplitude  of  the  undulations  in  the  main  elevated  auct  layer 
altitude  is  about  1 00  meters.  The  ridge  in  height  near  midday 
(1 1 :52PST)  appears  to  be  related  to  a  moving  cloud  feature  (see 
text,  section  3.) 


2.2  Aircraft 

Three  fixed-wing  aircraft  were  used  during  the  IOP.  One  was 
operated  by  the  Naval  Research  Laboratory,  Washington  at 
altitudes  well  above  the  marine  layer,  using  a  downward¬ 
pointing  LIDAR  to  remotely  sense  the  underlying 
atmosphere,  including  the  apparent  depth  of  the  marine 
boundary  layer  and  altitudes  of  clouds  and  haze.  The  other 
two  were  light  aircraft  operated  by  NAWCWPNS  Point 
Mugu  and  NRaD.  These  were  flown  at  relatively  low 
altitudes  to  measure  temperature,  humidity  and  associated 
refractive  structure  in  the  region  of  the  elevated  duct  atop  the 
marine  layer.  The  horizontal  flight  plan  shown  in  Figure  5 
was  used  during  the  first  half  of  the  IOP  when  both  low-level 
aircraft  were  present;  during  the  second  half  another 
NAWCWPNS  leg  was  added  since  the  NRaD  aircraft  was 
then  unavailable..  The  end-points  of  each  flight  leg  were 
placed  near  radiosonde  sites  to  provide  complementary 
information,  with  a  crossing  near  the  NPS  ship  location. 
Because  of  flight  restrictions  due  to  the  amount  of  air  traffic 
near  the  coast  and  inland,  it  was  not  feasible  to  traverse  the 
overland  communication  paths  sampled  by  NRaD,  but  the 
overwater  links  between  San  Clemente  Island  to  San  Diego 
and  Point  Mugu  were  covered.  To  enable  detection  of  short¬ 
term  changes,  two  tracks  were  immediately  repeated  in  the 
reverse  direction  (between  NSI-PVL  and  NUC-Palomar). 
Also,  to  determine  changes  accompanying  the  daily 
development  of  the  sea  breeze  circulation,  the  morning  flight 
plan  was  repeated  in  the  afternoon.  Figure  6  depicts  a  flight 
by  the  Mugu  aircraft  during  the  morning  of  28  August.  The 
vertical  sawtooth  pattern  shown  schematically  was  typical. 
The  series  of  connected  slant  ascents  and  descents  usually 
ranged  in  altitude  from  about  150  meters  below  to  350 
meters  above  the  local  top  of  the  marine  layer  to  provide 
multiple  penetrations  of  the  strong  refractive  layer 


responsible  for  the  main  elevated  duct.  Processing  of  the 
meteorological  data  by  NAWCWPNS  is  still  underway;  a 
version  of  the  automated  cross-section  analysis  scheme  is 
being  developed  for  that  purpose. 


Figure  5.  Flight  plan  for  NAWCWPNS  and  NRaD  aircraft,  first  half 
of  IOP,  round  trips  morning  and  afternoon.  During  second  half  of 
IOP  the  NAWCWPNS  aircraft  flew  an  additional  leg  from  NUC  to 
Montgomery  field,  southward  in  the  morning  and  return  in  the 
afternoon,  to  compensate  for  absence  of  the  NRaD  aircraft.. The 
endpoints  of  each  leg  were  near  radiosonde  sites. 


Figure  6.  A  depiction  of  the  NAWCWPNS  aircraft  morning  flight  28 
Aug  93,  total  time  4  hours..  Aircraft  airspeed  was  about  1 1 0  knots 
(55  mps),  with  ascent  and  descent  at  500  fpm  (3  mps),  so  the  true 
slope  of  the  sawtooth  profiles  was  approximately  1 :20.  Horizontal 
spacing  between  successive  profiles  was  roughly  5  nmi  (1 0  km.) 
Tne  vertical  lines  are  one  minute  apart  Vertical  scale  exaggerated. 


2.3  Surface  Stations 

Surface  meteorological  data  were  collected  from  numerous 
sources  throughout  the  southern  California  area,  from 
Federal,  State,  County  and  local  government  agencies,  and 
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VOCAR  participants.  The  parameters,  observation  times  and 
reliability  varied,  but  a  concerted  effort  was  made  to  obtain 
as  complete  a  set  of  hourly  data  as  possible,  especially 
during  the  IOP.  About  100  stations  normally  reported 
through  conventional  weather  circuits,  and  another  250  or  so 
were  acquired  by  special  arrangement.  Extensive  editing  was 
carried  out  in  an  attempt  to  improve  the  quality  of  the  data. 
This  included  time  series  plots  and  contoured  analyses  to 
detect  and  replace  obviously  aberrant  data.  As  an  example  of 
these  plots,  Figure  7  shows  the  locations  of  the  surface  sites, 
including  buoys,  with  wind  vectors  plotted  where  observed 
at  1600PST  (late  afternoon)  01  September.  For  comparison, 
contours  of  marine  layer  depth  from  radiosonde 
measurements  near  that  time  are  superimposed 
(corresponding  to  the  base  of  the  elevated  trapping  layer); 
this  is  a  preliminary  analysis  performed  for  data  quality 
control  purposes  and  probably  not  accurate  over  inland  or 
offshore  areas  distant  from  the  upper-air  sounding  sites.  With 
additional  data  from  a  tethered  sonde  operated  by  Dr.  Clive 
Dorman  of  San  Diego  State  University,  the  existence  of  a 
pronounced  depression  in  the  inversion  topography  was 
revealed  over  the  coast  around  20km  east  of  Point  Arguello. 
This  feature  is  common  when  moderately  strong 
north/northwest  winds  at  low  levels  curve  around  the  coastal 
headlands  in  that  region  to  create  a  cyclonic  eddy,  as 
suggested  by  the  turning  evident  in  the  wind  vectors. 


Figure  7.  Surface  wind  vectors  and  marine  layer  depth,  for 
1600PST  01  Sep  93,  The  contours  are  drawn  at  100  meter 
intervals  based  on  radiosonde  and  tethered  sonde  data,  and  give  a 
rough  indication  of  elevated  duct  topography.  The  depression  is 
believed  dynamically  caused  by  eddying  due  to  flow  aiound  the 
headland  to  the  west 


2.4  Weather  Satellite 

Another  paper  presented  at  this  conference  (Helvey  et  at, 
1994)  discusses  use  of  satellite  imagery  for  diagnosis  of 
large-scale  refractive  conditions.  The  satellite  information  is 
also  valuable  for  understanding  refractive  variations  on  a 
smaller  scale.  Collection  of  satellite  data  at  NAWCWPNS 
was  limited  to  that  from  GOES -7,  consisting  mainly  of  4km 
visual  (VIS)  and  infrared  (IR),  and  1km  VIS  data.  The  GOES 
is  a  geostationary  platform  which  routinely  provides  half- 
hourly  images  of  selected  areas;  this  enables  detection  and 
tracking  of  cloud  features  at  a  joint  spatial  and  temporal 
resolution  otherwise  unattainable.  For  a  12  day  period 
including  the  IOP,  688  individual  images  constituting  220 
Mb  (million  bytes)  of  data  were  acquired.  Inspection  of 
image  sequences  reveals  numerous  mesoscale  phenomena  in 
the  marine  atmosphere,  some  stationary  or  slowly  evolving, 
some  translatory  or  short-lived.  Computer  time-lapse 
displays  of  the  IOP  imagery  have  been  prepared  which 


vividly  demonstrate  the  evolution  of  the  marine  clouds 
associated  with  these  phenomena.  Figure  8  contains  three 
selected  1km  VIS  images  from  28  August.  Some  of  the 
salient  features  indicated  are: 

(A)  Small-scale  stratocumulus  cloud  structures 
(dimensions  of  a  few  km)  which  are  imbedded  in  and  carried 
by  the  marine  layer  winds. 

(B)  Larger  regions  containing  enhanced  stratocumulus 
(dimensions  tens  of  km)  which  move  with  the  marine  flow. 

(C)  Small  vortices  generated  by  horizontal  flow  around 
terrain  obstacles,  and  which  often  subsequently  detach  and 
are  carried  downstream  by  the  marine  layer  winds. 

(D)  Vortices  or  lateral  waves  similar  to  the  above  but 
occurring  in  offset  pairs  as  symmetric  oscillations  to  the  lee 
of  islands  (Karman  vortex  street).  These  have  been 
recognized  as  a  frequent  occurrence  in  other  locales,  for 
instance  downwind  of  the  Canary  Islands  (offshore 
northwest  Africa)  or  Guadalupe  Island  (in  the  Pacific  just 
west  of  Mexico). 

(E)  Diffuse  parallel  bands  of  alternately  enhanced  and 
decreased  marine  cloud  amounts,  not  moving  with  the 
marine  layer  flow  but  apparently  related  to  winds  aloft.  The 
wavelengths  of  these  features  are  on  the  order  of  200km. 

(F)  Lines  which  project  seaward  from  prominent 
mainland  or  island  coastal  terrain  features,  transverse  to  the 
marine  layer  flow.  These  features  are  quasistationary,  and  so 
must  be  propagating  upstream  at  about  the  same  speed  as  the 
low  level  winds;  gradual  adjustments  in  position  occur, 
apparently  in  response  to  changes  in  low  level  conditions. 

(G)  "V''-shaped  clear  zones  attached  to  some  islands 
(especially  common  at  San  Nicolas  as  in  the  images  shown). 
These  are  often  very  prominent,  forming  an  arrow  which 
appears  to  point  into  the  marine  airflow.  They  have  been 
explained  (Edinger  and  Wurtele,  1972)  as  atmospheric 
internal  gravity  waves  at  the  top  of  the  marine  boundary 
layer  around  an  island,  similar  to  ocean  bow  waves  formed 
by  a  moving  ship. 

(H)  Clouds  moving  in  a  "jet"  along  the  coast. 

(I)  Cloud  surges  associated  with  changes  in  wind 
direction  and  speed. 

(J)  Daytime  clearing  in  the  marine  cloudiness  in  the 
coastal  zone,  propagating  seaward  during  the  day;  this  is 
largely  a  result  of  lowering  of  the  marine  layer  depth  due  to 
subsidence  as  the  sea  breeze  circulation  develops  (Lee,1979). 

(K)  General  tendency  for  clearing  over  the  entire  region, 
due  to  gradual  rising  of  the  condensation  level  as  the 
atmosphere  warms  during  the  day. 

(L)  A  tendency  for  a  more  westerly  orientation  to  the 
flow  as  the  sea  breeze  develops. 

3.  DISCUSSION 

Several  vortices  of  roughly  20  kilometers  in  diameter  were 
observed  in  the  satellite  imagery,  moving  with  the  general 
flow.  The  small,  relatively  clear  area  near  their  centers 
suggests  locally  lower  marine  layer  depths  there.  A  rough 
estimate  assuming  cyclostrophic  flow  (balance  between 
pressure  gradient  and  centrifugal  forces)  within  the  marine 
layer  indicates  that  the  optimum  coupling  height  could  be 
depressed  by  about  100  meters  at  their  centers.  The  presence 
of  these  and  several  other  features  indicates  significant 
variability  in  low  level  winds  and  clouds  at  scales  less  than 
the  spatial  and  temporal  spacing  of  the  radiosonde  profiles. 
The  horizontal  spacing  of  successive  aircraft  ascents  and 
descents  is  sufficient  to  help  determine  if  associated 
deformation  of  the  elevated  duct  is  substantial  enough  to 
noticeably  affect  propagation.  The  aircraft  data  and  satellite 
imagery  will  be  carefully  coordinated  to  determine  when  and 
where  such  features  may  have  been  sampled. 

Apparent  correlation  in  marine  layer  depth  and  some  larger 
scale  features  can  be  found.  For  example,  the  patch  of 
brighter  stratocumulus  indicated  as  (B)  in  Figure  8  moves 
over  San  Nicolas  Island  during  midday,  roughly  coincident 
with  a  temporary  increase  in  marine  layer  depth  of  about  100 
meters  between  0800  and  1200  PST  (Figure  4).  Another 
example  is  the  increase  in  layer  height  at  NTD  apparently 
coincident  with  the  time  of  arrival  of  a  surge  of  cloudiness 
(I)  from  the  west  through  the  Santa  Barbara  channel. 
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-inure  8  Selected  GOES  1  km  VIS  images  for  28  Aug  93,  showing  evolution  of  marine  stratocumulus  cloud  features.  Upper  is  for  0800PST, 
middle  is  1 200PST,  lower  1 600PST.  Examples  of  specific  structures:  (A)  Stratocumulus  cells,  (B)  Region  of  enhanced  cover,  (C)  Small 
cyclonic  vortices  (D)  Lateral  vortices  or  oscillations  in  wake  of  islands,  (E)  Diffuse  bands  moving  with  upper  flow  (only  visible  in  animation), 
(F)  Lines  in  cloud  structure  extending  seaward  from  terrain,  (G)  "V"-shaped  clear  zones  like  bow  waves  attached  to  islands,  (H)  Cloud  jet 
along  coast  (I)  Afternoon  westerly  surge  in  Santa  Barbara  Channel.  See  text  (sections  2.4  and  3)  for  more  comments. 
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Other  data,  not  shown  here,  can  shed  light  on  the 
characteristics  and  effects  of  the  mesoscale  phenomena.  For 
instance,  surface  winds  reported  by  the  NPS  ship  vary  in  a 
manner  consistent  with  the  passage  of  the  vortex  labeled 
(C2)  in  Figure  8.  Data  from  remote  sounders  are  also 
available  for  NTD,  NUC  and  near  NZY;  the  vertical 
resolution  from  these  is  much  less  than  from  the  radiosondes, 
but  samples  averaged  over  one  hour  or  shorter  intervals  were 
obtained  through  the  IOP. 

The  significance  of  these  phenomena  lies  in  their  relevance 
to  the  refractive  structure  in  the  lower  atmosphere,  especially 
with  regards  to  implied  perturbation  of  the  elevated  duct 
topography.  There  is  a  dynamic  connection  between 
topography  of  the  elevated  duct  and  eddying  and  wave 
motions  in  the  marine  layer  due  to  terrain  interactions  and 
other  causes,  similar  to  the  waves  and  vortices  which  disturb 
a  water  surface  flowing  around  obstacles  in  a  channel. 
Mesoscale  effects  on  duct  height  are  also  identifiable  at 
somewhat  greater  dimensions,  including  horizontal 
circulations  involving  the  entire  coastal  region  of  southern 
California  (such  as  the  well-known  Catalina  Eddy),  and 
v-ertical  motions  associated  with  the  daily  coastal 
seabreeze/landbreeze  cycle.  Also,  although  temperature  and 
humidity  conditions  within  the  marine  air  are  generally 
rather  uniform,  some  variation  in  refractivity  can  be  expected 
for  different  low-level  air  trajectories  which  will  affect  the 
strength  of  the  elevated  duct.  The  appearance  of  the  marine 
stratocumulus  clouds  often  provides  a  means  of  recognizing 
and  following  disturbances  of  the  marine  atmosphere, 
furnishing  a  valuable  aid  for  integration  of  the  various 
information  available  to  explain  variations  in  the  coastal 
refractive  environment. 
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DISCUSSION 


T.  ROGERS 

To  what  extent  do  you  see  travelling  versus  standing  waves  in  the  marine  boundary  layer? 

AUTHOR’S  REPLY 

Both  present  -  no  opinion  as  to  proportion  at  this  stage  in  the  analysis.  Stationary  bow  wave 
features  attached  to  San  Nicolas  Island  are  a  frequent  occurrence. 

S.  BURK 

This  is  more  of  a  comment  than  a  question.  Previous  papers  in  this  conference  have  noted  a 
lack  of  diurnal  signal  in  the  VOCAR  propagation  measurements,  whereas  you  note,  there  is 
often  considerable  diurnal  variation  in  the  marine  stratus  layer,  even  off  of  the  coast.  Typically 
the  stratus  clears  out  over  the  water  during  the  day  in  association  with  sea-breeze  forced 
subsidence.  Evidently,  however,  this  variation  in  boundary  layer  thermodynamic  structure, 
which  is  sufficient  to  eliminate  the  stratus,  does  not  result  in  a  simultaneous  diurnal  impact  on 
propagation  conditions.  That  is,  the  boundary  layer  structure  is  changing  diurnally  over  the 
water  near  the  coast  sufficiently  to  move  the  lifting  condensation  level  above  and  below  the 
inversion,  but  the  conditions  may  remain  surface-based  ducting  throughout  the  full  24  hour  day. 
This  is  interesting  because  often  the  gradients  in  temperature  and  moisture  at  the  top  of  the 
marine  layer  are  sharper,  if  a  stratus  layer  is  present  than  in  clear  conditions. 

AUTHOR’S  REPLY 

The  supposed  diurnal  variation  in  marine  layer  depth  is  not  the  only  explanation  for  coastal 
daytime  clearing.  There  is  a  long-term  tendency  for  a  trough  in  layer  depth  along  the  coast,  so 
that  even  in  the  absence  of  diurnal  lowering  in  that  zone,  daytime  warming  due  to  solar  heating 
would  raise  the  condensation  level  so  that  clearing  over  water  would  first  occur  along  the  coast 
where  the  marine  layer  was  most  shallow,  and  gradually  expand  seaward.  Other  factors  may 
also  be  involved,  whose  net  effect  will  have  to  be  considered  to  explain  behavior  of  the 
refractive  profiles  and  propagation  conditions.  The  comment  on  sharpness  of  gradients 
depending  on  marine  cloud  conditions  is  an  important  point  (and  may  explain  an  apparent  diurnal 
variation  in  oceanic  elevated  ducting  incidence). 
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Use  of  Satellite  Imagery  and  Other  Indicators 
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ABSTRACT 

Much  of  the  world's  ocean  area  is  overlain  by  persistent 
elevated  ducting  due  to  a  strong  super-refractive  gradient 
at  the  top  of  the  marine  layer.  Several  techniques  are 
used  to  describe  characteristics  of  the  elevated  duct  on 
climatological,  synoptic  and  local  scales.  In  addition  to 
statistical  analysis  of  radiosonde  databases,  these 
techniques  include  subjective  and  objective  applications 
of  satellite  imagery,  computation  of  a  duct  height  index 
from  surface  and  upper  level  numerical  analyses  or 
forecasts,  and  various  other  indirect  meteorological 
indicators  of  ducting.  Refractive  statistics  from 
worldwide  coastal,  island  and  ship  radiosonde  profiles 
reveal  a  widespread  diurnal  variation  in  duct  occurrence 
believed  related  to  day-night  changes  in  marine 
stratus/stratocumulus  cloud  amounts.  Incorporation  of 
this  diurnal  behavior,  together  with  relationships  found 
between  elevated  duct  characteristics  and  conventional 
parameters  suggest  a  basis  for  generation  of  improved 
worldwide  oceanic  elevated  duct  climatology  from 
historical  gridded  surface  upper-air  analyses.  The 
climatology  world  be  in  a  gridded  format,  calibrated 
against  climatological  summaries  from  radiosondes  to 
enable  estimates  of  conditions  for  arbitrary  locations, 
dates  and  times.  Techniques  for  synoptic  and  mesoscale 
inference  of  elevated  duct  behavior  are  demonstrated 
using  satellite  imagery  and  synoptic  indicators. 
Geostationary  satellite  imagery  obtained  during  VOCAR 
in  1993-4  revealed  synoptic  and  mesoscale  cloud 
features  depicting  space/time  variability  over  the  eastern 
Pacific  Ocean  and  adjacent  coastal  areas.  The  variability 
was  related  to  large-scale  air  mass  changes  and  weather 
systems;  the  development,  dissipation  and  translation  of 
coastal  eddies  in  the  marine  layer;  and  diurnal  land/  sea 
breeze  influences  in  the  coastal  zone. 

1.  INTRODUCTION 

An  important  operational  need  of  the  Navy  is  the  ability 
to  anticipate  and  exploit  radar  propagation  conditions 
over  ocean  and  coastal  regions  where  ducting  and  radio 
'hole'  phenomena  are  most  prominent.  These 
phenomena,  caused  by  elevated  refractive  layers 
resulting  from  'inversion  conditions'  in  which  warm,  dry 
air  overlays  cooler,  moist  air,  are  strongly  influenced  by 
both  large  scale  air  mass  conditions  as  well  as  mesoscale 
features  induced  by  coastlines,  mountains  and  islands. 
Any  attempt  to  assess  or  forecast  radio  propagation 
conditions  must  therefore  necessarily  take  into  account 


the  synoptic  and  mesoscale  variability  of  the  lower 
atmosphere.  Over  the  open  ocean,  it  is  believed  that  the 
assumption  of  horizontal  homogeneity  is  valid  about  80 
percent  of  the  time  for  typical  radio  path  lengths  of 
importance  to  the  Navy  (Glevy,  1976).  However,  near 
fronts  (air  and  sea),  and  in  the  vicinity  of  islands  and 
coastal  terrain,  horizontal  and  temporal  variations  can  be 
much  more  prominent. 

Under  the  Navy's  electromagnetic  EM/EO  Propagation 
Assessment  Program,  several  approaches  are  being 
explored  to  obtain  an  assessment  or  prediction  of 
atmospheric  conditions  in  sufficient  detail  to  estimate  the 
occurrence,  height  and  intensity  of  elevated  ducts 
(Richter,  1994).  One  method  (Burk  et  al,  1994), 
underway  at  the  Naval  Research  Laboratory  (NRL)  in 
Monterey  involves  development  of  a  high  resolution 
numerical  forecast  model  and  data  assimilation  system  in 
which  all  available  observations  are  incorporated  into  a 
model  forecast  for  use  in  range-dependent  assessments 
of  refractive  structure.  Another  approach  is  represented 
by  the  Naval  Air  Warfare  Center  Weapons  Division, 
Point  Mugu,  Geophysics  Division's  attempts  to  relate 
refractive  structure  to  synoptic,  mesoscale  and  satellite 
data  parameters  by  application  of  statistical  relationships 
established  during  work  under  the  EM/EO  Program. 
This  effort  is  focused  on  the  (generally)  elevated  ducts 
due  to  refractive  (trapping)  layers  aloft;  the  behavior  of 
the  evaporative  duct  attached  to  the  ocean  surface  is  not 
considered.  Implicit  is  a  conceptual  model  of  an 
elevated  trapping  layer  associated  with  an  inversion- 
dominated  weather  regime  with  low  stratus  or 
stratocumulus  clouds  that  are  lowest  and  flattest  in  the 
south-eastern  parts  of  the  sub-tropical  oceans,  closely 
associated  with  anticyclones  (high  pressure  regions) 
where  the  overlying  inversion  is  lowest  and  strongest. 
This  general  trend  in  both  cloud  and  inversion 
characteristics  correlates  well  with  the  occurrence,  height 
and  intensity  of  elevated  ducts  as  observed  in  extensive 
radiosonde  data  sets  from  the  eastern  and  central  north 
Pacific  Ocean.  An  initial  effort  to  apply  these  weather- 
refractive  relationships  were  described  in  a  Refractive 
Effects  Guidebook  or  "REG"  (Rosenthal,  1976).  This 
guide  attempted  to  assign  specific  refractive  (N-Profile) 
types  to  locations  within  various  sectors  of  the  sub¬ 
tropical  oceanic  high  pressure  belt  and  peripheral  regions 
of  disturbed  weather  using  characteristic  seasonal  maps 
for  different  regions  of  the  world.  This  initial  REG  was 
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found,  however,  to  be  overly  ambitious  in  specifying 
detailed  refractive  profiles  based  on  the  guidance 
available.  Subsequently,  additional  studies  were 
performed  (Helvey,  1981;  Helvey  and  Rosenthal,  1983) 
to  improve  and  determine  additional  relationships 
providing  a  more  objective  framework  for  the  approach. 
Also,  methods  for  inferring  elevated  ducting  from 
weather  satellite  imagery  were  explored  (Rosenthal  et  al, 
1989;  Rosenthal  and  Helvey,  1991).  The  improved 
guidelines  were  adapted  by  the  Naval  Pacific  Meteorology 
and  Oceanography  Center  at  Pearl  Harbor,  Hawaii  into  a 
Horizontal  Refractivity  Depiction  (HRD)  procedure.  In 
that  form,  an  Independent  Verification  and  Validation 
(IV&V)  was  performed  (Vogel,  1992)  under  tasking 
from  the  Commander,  Naval  Oceanography  Command, 
and  the  guidelines  found  to  be  statistically  valid  and 
useful.  Accordingly,  the  (now)  Commander,  Naval 
Oceanography  and  Meteorology  Command)  CNMOC) 
declared  the  HRD  techniques  operational  for  the  eastern 
Pacific  Ocean.  Since  it  was  recognized  that  the  full 
implementation  of  the  updated  REG  techniques  requires 
a  level  of  skill  or  experience  in  satellite  and 
synoptic/mesoscale  interpretation  that  may  at  times 
exceed  the  skills  of  the  anticipated  user  on  a  ship  or 
ashore  center,  and  also  that  a  less  manual-intensive 
approach  is  desirable,  the  Geophysics  Division  began 
preparing  a  version  for  incorporation  into  an  automated, 
"expert"  system.  Conversion  into  a  computer 

implementation  which  will  eventually  reside  on  TESS(3) 
is  being  carried  out  at  NRL-Monterey  with  the  technical 
coordination  of  NAWCWPNS  and  sponsorship  of  the 
Navy's  Environmental  Systems  Program  Office  at  the 
Space  and  Naval  Warfare  Systems  Command.  Termed 
Experduct  (Peak,  1992),  this  system  combines 
information  entered  by  the  operator  from  a  variety  of 
sources  to  furnish  either  current  estimates  or  short-term 
predictions  (to  72  hours)  of  elevated  ducting  conditions. 

2.  THE  ELEVATED  DUCT  AND  OCEANIC 
ATMOSPHERE 

The  elevated  duct  is  a  phenomenon  arising  from 
presence  of  a  near-horizontal  layer,  generally  at  some 
altitude  aloft,  separating  air  of  dissimilar  refractive 
properties.  Although  it  or  the  meteorological  layer 
causing  it  may  lie  on  the  surface,  it  is  more  commonly 
found  at  the  top  of  a  more  or  less  uniformly  mixed  depth 
of  atmosphere  known  as  the  boundary  layer,  as  opposed 
to  the  evaporative  duct  which  always  forms  in  direct 
contact  with  the  ocean  surface.  The  elevated  duct  can 
exert  an  important  influence  on  propagation  of 
radio/radar  energy  through  the  lower  atmosphere, 
especially  over  oceanic  or  coastal  locations  where 
meteorological  conditions  are  often  propitious.  Effects 
include  major  deviations  in  apparent  target  altitudes  for 
height  finder  or  tracking  radars,  anomalous  propagation 
in  the  form  of  extended  detection  ranges  for  distant 
targets  to  transmitters,  enhancements  of  surface  clutter, 
and  degradation  of  digital  data  transmissions  due  to 
multipath  interference.  Its  presence  is  easily  detectable 


in  M-unit  refractive  profiles,  generally  derived  from 
radiosonde  measurements  of  pressure,  temperature  and 
humidity  with  altitude.  Figure  1  shows  an  idealized 
representation  of  an  elevated  duct,  shown  both  as  N-  and 
M-unit  profiles,  together  with  corresponding  vertical 
distributions  of  temperature  and  dewpoint.  A  lower 
cool,  moist  layer  with  imbedded  stratus/stratocumulus 
clouds  is  commonly  capped  by  a  temperature  inversion 
and  overlying  warm,  dry  air  mass.  The  altitude  of  the 
interface  between  the  two  is  usually  coincident  with  the 
so-called  optimum  coupling  height  (OCH),  found  at  the 
base  of  the  trapping  layer,  a  zone  of  rapid  vertical 
decrease  in  refractivity  due  mostly  to  the  change  from 
moist  to  drier  air.  Even  when  the  vertical  contrast  in 
humidity  and  temperature  is  not  sufficient  to  cause 
ducting,  a  super  refractive  layer  is  often  present. 


Figure  1 .  Idealized  temperature  and  dewpoint  profiles 
with  elevated  duct.  Note  that  the  top  of  the  marine 
atmospheric  boundary  layer,  the  tops  of  marine  stratus/ 
statocumulus  clouds,  and  the  base  of  the  overlying 
temperature  inversion  are  all  at  the  same  altitude. 

2.1  Climatology 

An  elevated  duct  (or  at  least  a  super-refractive  layer)  is  a 
widespread  and  relatively  frequent  occurrence  over  most 
of  the  world's  ocean  areas.  Figure  2  illustrates  global 
incidence  for  this  condition,  based  on  a  5-year  set  of 
worldwide  radiosonde  data  compiled  by  GTE  Sylvania 
(Ortenburger,  1978).  Year-round  geographical 
distribution  varies  markedly  with  both  latitude  and 
longitude.  The  general  features  of  this  distribution  can 
be  understood  in  terms  of  climatological  patterns  in  sea 
surface  and  air  temperature  and  hence  potential  moisture 
content  and  refractivity  in  the  marine  atmospheric 
boundary  layer,  and  in  relation  to  the  general 
atmospheric  circulation  which  is  marked  in  temperate 
latitudes  by  a  belt  of  higher  pressure  and  warming  aloft 
due  to  subsidence.  The  climatology  for  elevated  ducting 
is  particularly  favorable  over  the  eastern  portions  of  the 
major  ocean  areas,  where  prevailing  winds  cause 
upwelling  of  colder  water  in  the  ocean  along  the 
continental  margin,  cooling  the  marine  atmosphere  from 
below  and  strengthening  the  vertical  contrast  in 
atmospheric  properties.  The  Pacific  Ocean  offshore 
southern  California  and  Peru  experiences  annual 
occurrences  exceeding  60-70  percent  due  to  these 
factors. 
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Figure  2.  Global  occurence  of  oceanic  elevated  ducts,  annual 
incidence  in  percent  (adapted  from  GTE  Sylvania  5-year 
Radiosonde  Data  Analysis  HI,  Ortenburger  et  al,  1978) 

2.2  Diurnal  Variations 

In  addition  to  this  overall  geographic  variation  in 
elevated  ducting  there  is  also  strong  evidence  of  diurnal 
and  seasonal  variability  as  well.  Some  of  the  apparent 
diurnal  variation  is  instrumental  or  procedural  in  nature 
and  is  spurious.  Other  diurnal  variability  that  has  also 
been  discovered  by  Helvey  in  1994,  is  believed  real,  and 
is  global  in  nature. 

2.3  Spurious  Indications 

Evidence  for  systematic  variations  in  elevated  ducting 
characteristics  can  be  found  in  radiosonde  records.  As 
with  any  compilation  of  data  from  meteorological  or 
other  instrumentation  sensing  the  natural  environment,  it 
is  important  to  be  aware  of  idiosyncrasies  in  the 
measurements  which  may  distort  or  invalidate  the 
information  obtained.  Of  particular  interest  in  this 
regard  is  an  apparent  daytime  maximum  occurrence  of 
ducts  due  to  surface-based  trapping  layers  computed 
from  radiosonde  data,  but  found  to  be  an  artifact  caused 
by  sensor  errors  exacerbated  by  routine  measurement 
procedures  (Helvey,  1983).  Such  a  surplus  of  surface 
ducts  is  contrary  to  meteorological  experience,  which 
instead  indicates  that  subreffactive  conditions  should 
commonly  occur  in  daytime  due  to  the  strong  vertical 
decrease  in  temperature  normal  at  that  time  over  land  or 
even  over  the  heated  deck  of  a  ship.  Over  the  ocean  it  is 
more  reasonable  to  expect  very  little  or  no  discernible 
diurnal  variation  in  any  ducts  due  to  surface-based 
trapping  layers,  because  of  the  negligible  variation  in 
sea-surface  temperatures  over  that  short  a  time  period. 

2.4  Evidence  For  Elevated  Duct  Diurnal  Variations 
During  analysis  of  radiosonde  data  for  signs  of 
correlation  with  various  weather  parameters  useful  for 
refractive  diagnosis  or  forecasting  over  oceans, 
indications  of  a  diurnal  signal  in  elevated  duct  records 
were  initially  ignored  as  a  statistical  aberration,  there 
seeming  to  be  no  artificial  or  natural  mechanism  to 
produce  such  a  variation  in  refractive  gradient  in  the  free 
atmosphere.  But  it  was  eventually  realized  that  there 
was  nevertheless  strong  evidence  for  a  widespread, 


systematic  fluctuation  in  elevated  ducting  between  night 
and  day.  Figure  3  presents  summaries  of  data  for  various 
radiosonde  sites  from  the  GTE  Sylvania  (Ortenburger, 
1978),  5-year  data  base  (1966-69  and  73-74),  selected  to 
illustrate  some  interesting  characteristics  of  this  diurnal 
and  seasonal  behavior.  The  individual  graphs  are 
arranged  approximately  by  relative  geographical 
position,  with  name  and  location  at  the  top.  Average  3- 
monthly  overlapping  percent  frequencies  are  plotted  in 
pairs  for  each  synoptic  observation  time,  with  12Z  on  the 
left  and  00Z  to  the  right.  The  bars  are  shaded  according 
to  local  time,  dark  to  indicate  nighttime  (nominally  1800 
to  0600)  and  daytime  (0600-1800).  Thus  it  will  be  noted 
that  the  dark  bars  denoting  night  are  at  12Z,  on  the  left 
for  the  dateline  hemisphere  sites  (3a,  c,  d,  e)  and  at  00Z 
on  the  right  (3b,  f)  for  the  Greenwich  meridian 
hemisphere  sites.  Figure  3a  (SFIIP4YP)  represents  the 
low  occurrence  of  elevated  ducting,  with  little  diurnal 
variation,  found  at  high  latitudes.  Figure  3b  (Heraklion, 
Greece)  shows  a  substantial  seasonal  variation  with 
nighttime  occurrences  in  late  summer  exceeding  daytime 
by  about  10%  on  the  average.  The  general  summertime 
maximum  in  occurrence  is  expected  because  low-level 
refractivity  will  increase  as  the  sea  surface  warms,  and 
heating  of  the  surrounding  land  area  and  retreat 
northward  of  frontal  storminess  will  result  in  prolonged 
fair  weather  with  warm,  subsiding  air  and  small  values  of 
refractivity  aloft.  In  Figure  3c  (Eniwetok  Atoll)  the 
seasonal  cycle  is  reversed,  with  the  greatest  occurrence 
and  day-night  deviations  in  winter.  This  can  be 
explained  by  the  site's  near-equatorial  location;  in  the 
northern  hemisphere  the  proximity  of  the  intertropical 
convergence  zone  and  deep  convective  activity  tend  to 

lift,  weaken,  and  frequently  eradicate  the  elevated  duct. 
Conversely,  the  equatorial  site  depicted  in  Figure  3e 
(Pago  Pago)  is  in  the  southern  hemisphere,  so  that  the 
summer  minimum  occurs  between  November-  April. 
Figure  3d  (SHIP4YN)  exhibits  a  seasonal  variation  with 
two  maxima  and  minima,  typical  of  intermediate 
latitudes  with  composite  patterns;  for  these  regions  a 
general  tendency  for  greater  ducting  occurrences  in 
summer  (as  the  sea  warms  and  frontal  activity  retreats)  is 
partially  counteracted  in  mid-summer  by  weakening  or 
elimination  of  the  elevated  duct  due  to  occasional 
weather  disturbances  of  tropical  origin,  Finally  Figure  3f 
(Ascension  Island)  is  one  of  a  few  sites  where  the  diurnal 
bias  is  often  in  a  sense  opposite  to  most  of  the  other 
locations;  at  present  the  reason  for  this  is  not  known. 

2.5  Effect  Of  Overall  Incidence  On  Diurnal  Changes 

Although  with  few  exceptions  a  fairly  consistent  day- 
night  bias  is  apparent,  the  magnitude  of  the  change  is  not 
comparable  between  many  of  the  various  sites,  obviously 
because  of  geographical  differences  in  overall  incidence. 
Data  for  sites  with  synoptic  observations  at  local  time 
between  0800-1500LT  and  2000-0300LT  were 
examined,  eliminating  stations  with  probable  ambiguous 
behavior  because  of  local  00Z/12Z  synoptic  times  too 
near  sunrise  or  sunset.  Figure  4  is  a  plot  of  12-hour 
change  in  occurrence  (all  seasons)  for  the  former  sites, 
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against  the  corresponding  OOZ  +  12Z  averages.  There  is 
considerable  scatter,  but  the  tendency  for  greater  day- 
night  change  for  sites  with  greater  daily  average 
incidence  is  clear. 
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Figure  3.  Percent  incidence  of  elevated  ducts  for  selected 
radiosonde  sites,  by  month  and  time  (OOZ,  12Z).  Local 
daytime  observations  are  light  bars,  nighttime  are  dark 
bars.  From  GTE  Sylvania  5-year  data  base  (Ortenbuger, 
1978).  Station  names  and  locations  are  indicated  on 
each  graph. 


Figure  4.  12- hour  changes  in  elevated  duct  occurence, 
versus  average  occurence  (00Z+12Z).  Sites  with  synoptic 
times  08-15  and  20-03 LT 


2.6  Dependance  Of  Change  On  Local  Synoptic  Time 

The  trend  in  the  above  data  suggested  normalizing  the 
diurnal  changes,  dividing  the  daily  average  to  obtain  the 
relative  change,  figure  5  shows  the  relative  night-day 
contrast  for  sites  with  average  occurrences  greater  than 
30  percent,  plotted  against  local  time  of  the  OOZ  and  12Z 
observations.  Because  of  symmetry  each  data  point  is 
plotted  twice;  the  00Z-12Z  change  for  a  site  also  appears 
12  hours  later  (earlier)  with  opposite  sign.  There  is  some 
indication  that  the  phase  may  lag  by  an  hour  or  so  past 
noon/midnight,  but  the  data  which  has  so  far  been 
analyzed  can  be  approximated  by  a  simple  cosine 
relationship.  For  any  arbitrary  local  time,  the  deviation 
from  the  daily  norm  can  be  estimated  as. follows: 

dFLT=0.21*Fbar*Cos[LT-LT00Z]*2pi/24 

dFiT=  diurnal  bias  for  local  time  LT 

F7>ar=average  of  OOZ  and  12Z  incidences 

LT=  local  time  for  which  estimate  is  desired,  and 

LT00z=  l003'  (standard)  time  of  OOZ  observation 


NIGHT/DAY  RELATIVE  CONTRASTS  IN  FREQUENCY  OF  ELEVATED 
DUCTS.  WORLD-WIDE  COASTAL  STATIONS  FROM  SYLVANIA  DATA 
(CASES  WITH  MEAN  FREQUENCIES  >30%  ONLY) 


Figure  5.  Relative  night/day  changes  in  elevated  duct 
occurence,  versus  local  time  of  synoptic  observation 
(OOZ,  12Z). 

3.  INTEGRATION  INTO  AUTOMATED 
TECHNIQUES 

During  the  development  of  Experduct,  a  knowledge- 
based  computer  system  that  integrates  the  results  of 
synoptic,  satellite  and  statistical  relationships  into  an 
expert  system  for  predicting  and  assessing  refractive 
conditions,  it  was  determined  that  climatology  should 
also  be  integrated  as  a  fail-back  parameter.  As  the  input 
data  used  gets  older  and  older,  or  the  forecast  gets  further 
and  further  ahead  in  time  their  reliability  becomes  more 
subject  to  uncertainty  and  prone  to  the  influence  of  small 
scale  features.  Thus,  in  such  cases  climatology  should 
be  given  more  weight.  As  described  by  Helvey  and 
Rosenthal  (1994),  climatology  was  therefore  included  as 
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an  additional  objective  element  to  improve  the  Experduct 
approach.  Figure  6  shows  one  of  the  output  windows  in 
which  climatology  is  included  as  a  factor. 


also  being  explored  as  the  basis  for  a  first  guess  estimate 
for  extrapolating  climatological  elevated  duct  statistics 
over  data-sparse  ocean  regions. 
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EXPERDUCT  Version  1.0  -  4/23/93- 
QUERY- 


|  What  would  you  like  to  do? 


Change  input  data 

Exit  from  ExperDuct  analysis 

Exit  from  Experduct 


r  AN  ALYS1S - 

Surface  pressure  effect: 

With  curvature; 

Wind  direction  factor:  0.15 
With  sector  wind  speed: 
Time-degraded  estimate: 


63% 

66% 


77% 

73% 


DATA: - 

Data  Source:  Forecast 
Data  Age:  24 
Surface  Pressure:  1030 
Curvature:  Anticyclonic 
Wind  Direction:  20 
Wind  Speed:  10 
Sector  Type:  Wind  speed 
Front  Presence:  No 
Climatology  Estimate:  55 


Figure  6.  Sample  Experduct  screen  showing  duct 
forecasts  with  climatology  built  in. 


OPTIMUM  COUPLING  HEIGHTS  AS  FUNCTION 
OF  EQUIVALENT  ALTITUDES,  NORTH  PACIFIC  OCEAN  SOUNDINGS 
1973. 1984-6  CASES  WITH  STABILITY  PARAMETER  >=  21  C  ONLY 


EQ  ALT  HEIGHT  (FT) 


Figure  7.  Optimum  coupling  height  versus 
equivalent  altitude. 


The  other  factors  are  principally  synoptic  or  satellite 
features  which  relate  the  incidence,  height  and  strength 
of  ducts  to  air  mass  and  frontal  features.  As  described  in 
previous  studies,  one  of  the  strongest  parameters  in  this 
category  to  correlate  with  ducting  was  surface  pressure. 
With  the  introduction  of  a  weighting  scheme  in 
Experduct,  pressure  was  one  of  several  parameters 
blended  together  to  result  in  a  cumulative  duct 
probability  estimate.  At  ship  "N"  (30°N,  140°W)  for 
surface  pressure  by  5  mb  classes,  almost  no  duct 
occurrences  were  noted  for  pressures  below  1005  mb, 
and  the  smooth  increase  in  occurrence  rate  levels  off 
after  about  1 022  mb. 

4.  EQUIVALENT  ALTITUDE  TECHNIQUE 

In  addition  to  Experduct,  another  automated  technique  in 
which  duct  occurrence  and  height  is  linked  to  synoptic 
parameters  is  termed  equivalent  altitude.  Using  the 
hydrostatic  assumption  and  a  single  two-layer 
representation  of  the  lower  atmosphere,  it  is  possible  to 
calculate  the  altitude  of  the  interface  between  the  layers, 
if  temperature  and  pressure/height  at  reference  levels 
above  and  below  the  region  of  interest  are  known 
(Helvey,  1979).  Given  700  mb  and  1000  mb  data  this 
equivalent  altitude  so  obtained  can  be  used  to  estimate 
the  height  of  the  inversion  base  and  accompanying  duct 
optimum  coupling  height.  Statistical  analysis  of 
historical  data  sets  provides  the  basis  for  determining 
optimum  coupling  height,  given  Equivalent  Altitude,  as 
illustrated  in  Figure  7.  The  likelihood  of  a  duct  aloft  can 
be  estimated  from  climatology,  reinforced  by 
consideration  of  the  overall  stability  of  the  1000  mb- 
700  mb  layer;  ducting  is  favored  by  large  stabilities 
(temperature  increase  with  height).  This  technique  is 


5.  CONNECTION  OF  DUCTING  TO  LOW  CLOUD 
BEHAVIOR 

The  tendency  for  nighttime  formation  and  daytime 
dissipation  of  marine  layer  cloudiness  is  well  known  in 
southern  California  or  other  regions  with  similar  climate. 
Figure  8  is  a  visual  image  obtained  from  a  GOES 
weather  satellite.  It  shows  a  portion  of  the  typical 
stratus/stratocumulus  cloud  regime  overlying  the  eastern 
Pacific  Ocean.  The  widespread,  flat-topped  low 
cloudiness  give  visual  evidence  of  the  high  humidity  and 
refractivity  conditions  pervading  the  marine  layer,  while 
the  lack  of  higher  clouds  suggests  the  apparent  stability, 
dryness  and  low  refractivity  of  the  overlying  air  mass. 

The  cyclic  diurnal  variation  of  this  cloudiness  is 
especially  manifest  in  the  coastal  zone,  because  of 
daytime  subsidence  related  to  the  sea  breeze  circulation, 
and  inland  due  to  eradication  of  the  marine  layer  over  the 
heated  land  surface  (Lee,  1979).  It  is  also  quite 
significant  over  the  open  ocean  as  radiational  heat 
absorbed  by  the  low  clouds  effectively  raises  the 
condensation  level  and  reduces  the  area  covered  by 
clouds.  Simon  (1977)  described  the  mean  change  in 
cloudiness  in  percent  offshore  southern  California  from 
morning  to  afternoon  during  the  summer  of  1975.  Over 
a  large  portion  of  the  area  decreases  of  10  percent  or 
more  were  indicated,  and  would  presumably  be  greater  if 
the  times  of  maximum  and  minimum  cloudiness  were 
represented. 

The  regular  changes  in  temperature  and  humidity  which 
accompany,  or  cause  this  variation  in  cloudiness  imply 
concurrent  variations  in  refractivity.  Nighttime 
radiational  cooling  of  the  clouds  tends  to  strengthen  the 
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Figure  8.  GOES  visual  image  over  Northeastern  Pacific,  for  20: 15Z  29  Sep  1975.  Clouds  appearance 
correlates  to  duct  characteristics. 


vertical  refractive  contrast;  daytime  dissipation  tends  to 
reduce  it.  Statistics  for  several  atmospheric  and  elevated 
duct  parameters  derived  from  an  on-going  study  of 
worldwide  ship  radiosonde  data  support  this  idea.  For  a 
region  of  the  northeastern  Pacific  Ocean  bounded  by  30- 
40N  and  140-150W,  where  the  00Z  observations  are 
during  the  day  (1400-1440LT)  and  12Z  at  night  (0200- 
0240LT),  the  modified  refractivity  at  the  top  of  the  duct 
and  trapping  layer,  and  at  the  OCH  or  bottom  of  the 
trapping  layer,  both  increase  from  day  to  night.  The 
change  is  greater  for  the  OCH  which  is  also  at  the  top  of  the 
marine  layer.  This  would  increase  the  likelihood  and 
strength  of  the  elevated  duct  in  the  sense  discussed 
previously.  Increases  in  the  height  of  the  duct  top  and 
OCH  are  also  indicated  from  day  to  night,  presumably 
reflecting  growth  in  depth  of  the  marine  layer  during  the 
reformation  of  marine  clouds.  Nighttime  cooling 
occurred  at  both  levels,  and  mixing  ratios  (a  measure  of 
water  vapor  content)  increased.  The  nighttime  increase 
of  17  percent  in  relative  humidity  is  in  qualitative 
agreement  with  the  cloud  observations. 

6.  SATELLITE  INFERENCES 

Since  the  availability  of  meteorological  satellite  data  in 
the  1960's,  scientists  and  operational  personnel  have 
been  able  to  view  atmospheric  circulations  remotely  in  a 
way  that  allow  the  total  spatial  extent  of  systems  to  be 
defined  including  details  of  structure,  circulation,  and 
very  importantly,  an  understanding  of  the  relationship 


between  neighboring  cloud  features. 

Satellite  imagery  also  promotes  an  understanding  of  the 
influences  that  large  scale  (synoptic)  and  mesoscale  and 
topographic  features  exert  in  shaping  cloud  patterns. 
Through  use  of  multi-spectral  data  quantitative 
information  can  also  be  extracted.  One  of  the 
operationally  important  features  that  satellite  data  can 
help  diagnose  and  predict  is  the  elevated  duct. 

Previous  work  by  Helvey,  Rosenthal  and  Lyons 
established  the  feasibility  of  relating  parameters  from 
routine  weather  charts  (both  analyses  and  forecasts),  and 
meteorological  satellite  data  to  the  occurrence,  height 
and  intensity  of  refractive  layers  responsible  for  ducting 
and  anomalous  radar  propagation. 

In  general,  large  regions  of  stratus  that  form  in  the 
marine  layer  beneath  the  subtropical  inversion  are  a 
signature  for  regions  of  elevated  ducting.  As  from 
Figure  1,  the  OCH,  cloud  top  and  inversion  base/marine 
layer  top  are  co-located.  While  the  existence  of  stratus  is 
an  indication  of  highly  probable  duct  occurrence,  the 
appearance  of  the  stratus/stratocumulus  reveals 
information  on  both  the  height  and  intensity  of  these 
elevated  ducts  as  established  by  Rosenthal,  Westerman 
and  Helvey  (1985). 

A  general  synoptic  refractive  model  was  developed  by 
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Rosenthal  and  Helvey,  which  has  been  in  operational  use 
by  the  Navy  at  Pearl  Harbor.  This  is  shown  in  Figure  9 
which  relates  refractive  conditions  under  both  elevated 
duct  height  (ZD)  and  uniform  'standard'  conditions  to  the 
relative  positions,  sections  and  proximities  of  sub¬ 
tropical  anticyclones,  fronts  and  low-pressure  areas. 
This  model  is  useful  for  making  real-time  estimates  or 
forecasts  of  duct  conditions  from  either  synoptic 
analyses  or  progs. 


analysis  tool.  The  basis  of  the  IR  duct  technique  is  the 
conversion  of  cloud-top  temperature  observed  by 
satellite,  to  estimated  duct  height  based  on  statistical 
relationships  between  inversion  base  altitude  and  relative 
temperature  as  deriv'ed  from  radiosonde  data  (see  Figure 
10).  The  IR  duct  technique  was  used  to  estimate  the  duct 
heights  during  the  VOCAR  period,  and  reveal  the  low- 
level  changes  induced  by  changes  in  the  upper  level 
patterns. 
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Satellite  data  can  be  even  more  useful  for  'real-time' 
diagnosis  because  the  details  of  the  cloud  patterns  are 
readily  discernible,  particularly  on  the  visible  imagery. 
The  relationship  between  cloud  features  and  estimated 
elevated  ducting  is  revealed  in  Figure  8  which  shows  the 
impact  of  synoptic  scale  variability. 


INV  BASE  TEMP  -  SST  (DEG  C) 


Figure  10.  Inversion  base  altitude  versus  temperature 
relative  to  surface  (SST). 


7.  APPLICATION  OF  SATELLITE  AND  OTHER 
TECHNIQUES  TO  ASSESS  DUCT  VARIABILITY 
DURING  VOCAR 

During  VOCAR  in  the  spring,  summer,  and  fall  of  1993 
geostationary  satellite  data  was  particularly  useful  in 
identifying  and  describing  most  of  the  large  and  small 
scale  airmass  influences  and  features  which  resulted  in 
the  variation  of  refractive  structures  that  were  observed 
during  these  periods.  For  instance,  there  were  several 
passages  of  cold  fronts  which  replaced  stratified 
inversion  conditions  which  favor  ducting  with  deeper, 
more  mixed,  marine  layers.  These  situations  were 
revealed  on  satellite  imagery  by  the  sequential  changes 
in  the  brightness,  character  and  size  of  the  cloud 
elements  within  the  stratus  layer. 

However,  there  were  also  changes  of  a  more  subtle 
nature  synoptically,  which  had  a  large  influence  on  the 
distribution  of  stratus.  These  were  marked  by  little 
height  change  at  specific  stations.  However,  changes  in 
the  distribution  and  relative  position  of  highs  and  lows 
resulted  in  changed  wind  flow,  and  these  in  turn  were 
responsible  for  altering  the  stratus  distribution. 

Since  specific  data  on  cloud  and  duct  height  was  largely 
unavailable  over  the  open  ocean,  the  IR  duct  height 
techniques  developed  by  Lyons  (1985)  and  Helvey  (see 
Rosenthal  and  Helvey,  1991)  was  used  as  a  diagnostic 


One  of  the  interesting  days  during  this  period  was 
August  24,  1993.  As  seen  in  the  surface  analysis 
prepared  by  the  National  Meteorological  Center  (NMC) 
for  00Z  25  August  (Figure  11),  the  strong  Pacific  sub¬ 
tropical  anticyclone  was  ridging  into  the  Pacific  NW 
states  of  the  U.S.  behind  a  stationary  front  which 
stretched  from  south-central  Canada  to  western  Nevada. 

Corresponding  NMC  500  mb  analyses  at  00Z  on  25 
August  (Figure  12)  revealed  high  pressure  holding  over 
the  eastern  Pacific  and  U.S.  southwest  but  with  a  sharp 
trough  north  of  40N  with  coldest  air  near  the 
Washington/Idaho  border  with  Canada.  The  analyzed 
surface  front  lay  under  moderate  west  to  southwest  flow 
around  the  trough.  However,  satellite  data  shows  a  much 
more  complete  and  definitive  picture.  Visual  GOES 
satellite  imagery  (Figure  13)  revealed  a  much  larger  NE- 
SW  oriented  band  of  higher  clouds  corresponding  to  the 
upper  level  remains  of  the  front,  with  the  band  stretching 
across  the  western  U.S.  and  approximately  500  miles  out 
to  sea  as  compared  to  NMC  analyses  which  ended  the 
front  at  the  California  border  with  Nevada. 

Near  simultaneous  IR  imagery  (Figure  14)  at  0230Z  on 
the  25th  shows  the  same  band  of  clouds  as  a  bright  white 
(cold  cloud  top)  feature.  To  the  south  of  the  front,  from 
the  coast  and  extending  south  and  westward  is  a  large 
mass  of  stratus  and  stratocumulus.  In  accordance  with 
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the  previous  studies,  the  stratus  is  lowest  near  the  coast 
on  the  eastern  side  of  the  Pacific  sub-tropical 
anticyclone,  and  increases  in  height  as  the  marine  layer 
deepens  over  warmer  and  warmer  waters.  As  previously 
described  by  Rosenthal,  Westerman  and  Helvey  (1985), 
the  increase  in  height  of  the  low  clouds  accompanying 
the  deeper  marine  layer  and  higher  inversion  is  also 
revealed  by  an  increased  closed  cellular  structure  with 
elements  getting  larger  and  larger  as  the  clouds  get 
higher  and  higher.  Estimates  of  duct  (OCH)  height 
variability  derived  from  using  the  IR  duct  technique  are 
shown  superimposed  on  the  clouds  in  Figure  14. 


Figure  12.  NMC  500mb  analysis  for  OOOOZ  25  August 
1993  showing  sharp  trough  north  of  40N  over  U.S. 
Pacific  northwest. 


Figure  13.  Visual  GOES  satellite  image  at  0030Z  25 
August  1993  showing  much  longer  frontal  remnant 
across  the  western  U.S.  and  out  into  the  Pacific  with 
stratus  covering  lower  latitudes 


Figure  14.  Infrared  image  at  0230Z  25  August  1993 
showing  frontal  remnants.  Superimposed  on  stratus  and 
stratocumulus  over  Eastern  Pacific  Ocean  are  duct  heights 
calculated  by  the  IR  duct  technique. 

Heights  near  the  coast  are  around  1600  feet.  These 
increase  to  over  2300  feet  near  longitude  130  west  and 
then  increase  to  neat  3800  feet  to  the  west  and  to  5600 
feet  where  the  cells  become  bright.  Behind  the  front  is  a 
clear  region  with  duct  heights  of  only  1400  to  1700  feet 
under  the  next  upstream  anticyclone.  The  IR  duct 
technique  becomes  a  convenient  way  to  convert  the 
clearly  defined  cloud  patterns  on  satellite  data  to 
estimated  but  quantitative  results. 

On  the  subsequent  day  near  00Z  of  26  August  much  of 
the  sharp  delineation  between  stratus  and  mostly  clear 
conditions  resumed,  even  though  the  frontal  clouds  had 
already  moved  east  and  dissipated.  Thus  the  impact  on 
stratus  and  ducting  often  remains,  after  the  synoptic 
upper  level  features  which  influenced  it  changed. 

Satellite  data  was  also  instrumental  in  revealing  an 
interesting  period  of  change  in  which  a  weak  low 
pressure  area  formed,  moved  contrary  to  the  normal  west 
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to  east  flow,  and  resulted  in  major  changes  in  stratus  and 
duct  conditions  along  the  U.S.  west  coast  and  eastern 
Pacific  Ocean.  As  before,  it  appears  that  the  impetus  for 
the  surface  features  began  with  an  upper  level  influence. 
Figure  15  shows  the  NMC  500  mb  analyses  for  OOZ  29 
August  1993.  A  strong  high  enveloped  much  of  the 
northeastern  Pacific  Ocean  with  high  heights  and 
anticyclonic  conditions  prevailing  over  most  of 
California.  However,  a  sharp  short  wave  trough  centered 
over  northern  Idaho  was  eroding  the  eastern  part  of  the 
ridge.  By  the  following  day  (Figure  16),  the  ridge  had 
sharpened  into  the  Gulf  of  Alaska,  heights  fell  slightly 
over  California  and  a  region  of  troughing  or  more 
cyclonic  conditions  began  to  form  from  California 
westward.  The  tendency  for  the  more  cyclonic 
conditions  continued  over  the  next  several  days  with  a 
weak  surface  low  forming  near  the  coast  which 
retrograded  westward  to  the  south  of  the  Gulf  of  Alaska 
high.  This  series  of  events  then  resulted  in  the  wind  flow 
becoming  stronger  and  more  southerly  along  the  coast 
(Figure  17)  and  could  be  expected  to  result  in  low-level 
convergence  with  a  deepening  of  the  marine  layer  at  low 
levels. 


Figure  15.  NMC  500  mb  analysis  for  OOOOZ  on  29 
August  1993  showing  ridging  in  the  Gulf  of  Alaska 
and  trough  over  Pacific  Northwest. 


Figure  16.  NMC  500  mb  analysis  for  OOOOZ  on  30 
August  1993  showing  a  sharper  ridge  in  the  Gulf  of 
Alaska,  and  more  cyclonic  conditions  over  the  U.S.  west. 


Figure  17.  NMC  500  mb  analysis  for  OOOOZ  on  1 
September  1993  showing  southerly  flow  and  increased 
cyclonic  conditions  over  the  eastern  Pacific  Ocean. 

Figure  18  shows  the  surface  low  pressure  region  at  OOZ 
on  01  September  1993  that  formed  in  response  to  the 
increased  cyclonic  conditions,  after  it  had  moved 
westward  from  the  coast.  The  presence  of  the  low  at  the 
surface  could  be  expected  to  raise  and  deepen  the  stratus 
and  thereby  further  elevate  ducting  conditions. 
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Figure  19  (a  through  g)  shows  a  sequence  of  visual 
GOES  images  approximately  24  hours  apart  which 
shows  the  changes  in  the  stratus  during  this  event.  At 
0030Z  on  28  August  (Figure  19a),  relatively  open 
conditions  prevailed  along  most  of  the  California  and 
Baja  coast  with  large  stratus  sheets  mainly  several 
hundred  miles  to  sea.  At  0030Z  on  the  29th  (Figure  19b) 
when  conditions  aloft  began  to  get  more  cyclonic,  there 
was  a  marked  increase  in  stratus  offshore  of  southern 
California,  and  a  narrow  strip  of  stratus  had  formed 
along  the  coast  up  to  Monterey  Bay.  By  24-hours  later 
at  0030Z  on  the  30th  (figure  19c),  the  increase  in  stratus 
coverage  and  density  was  dramatic  all  the  way  up  to 
northern  California,  and  cyclonic  curvature  at  the  edge 
of  the  cloud  mass  off  northern  California  revealed  the 
early  formation  of  the  low  at  the  surface.  Another  day 
later  (2330z  on  the  30th,  Figure  19d),  and  the  low  was 
further  defined  as  revealed  in  the  sense  of  curvature  of 
the  thicker  stratus/stratocumulus  elements,  and  the 
feature  had  moved  significantly  westward.  As  it  did, 
afternoon  stratus  became  less  prevalent  along  the  coast  in 
the  drier  more  unstable  air. 

By  0030Z  on  1  September  (Figure  19e),  the  surface  low 
had  enlarged  and  stratus  masses  were  characteristically 
large  and  dense  within  the  circulation,  while  drier, 
clearer  conditions  prevailed  along  nearly  all  of  the 
California  coast  and  considerably  to  sea. 

A  day  later  at  0030Z  on  2  September  (Figure  19f), 
showed  the  remains  of  the  low  well  out  to  sea  with 
stratus  broken  up  into  large,  fairly  high,  dense  pieces  but 
with  clear  conditions  prevailing  along  southern  and 
central  California  and  well  out  to  sea.  Off  Baja,  far 
removed  from  the  effects  of  the  low  pressure  influence,  a 
much  lower  and  more  uniform  sheet  of  stratus  began  to 
spread  northward  as  anticyclonic  conditions  aloft  again 
took  over. 

Finally  in  the  sequence  nearly  a  day  later  at  2330Z  on  2 
September  (Figure  19g),  with  the  remains  of  the  low 
evident  by  blotches  of  high,  dense  stratocumulus  far  out 
at  sea,  most  of  the  coastal  and  Eastern  Pacific  area  was 
re-enveloped  by  a  uniform,  low  stratus  sheet  as 
anticyclonic  conditions  and  increased  subsidence 
returned. 

To  illustrate  the  effect  of  these  changes  on  duct  height, 
several  areas  of  cloud  were  selected  for  analysis  on  IR 
data  using  the  IR  duct  technique.  These  are  shown  in 
Figure  20  a  through  g.  The  IR  duct  heights  were  derived 
from  concurrent  GOES  IR  imagery  with  OCH  height 
values  rounded  off  to  the  nearest  hundred  feet,  and 
plotted  atop  the  visual  images.  Appreciable  changes  in 
duct  elevation  were  revealed  which  coincided  with  the 
changes  observed  aloft  and  in  the  satellite  imagery. 

For  instance,  at  OOOOZ  on  28  August,  derived  duct 
heights  in  the  stratus  region  several  hundred  miles  west 


of  central  California,  were  near  2600  feet,  while  in  the 
region  west  of  southern  California,  duct  heights 
increased  from  2500  feet  to  3400  as  one  goes 
southwestward  towards  bigger  cloud  cell  sizes  and 
warmer  ocean  waters  (deeper  mixing).  A  region  of 
stratus  off  Baja  California  with  much  smoother  structure 
and  smaller  cells  is  lower  and  duct  height  estimates  there 
are  only  1100  feet,  consistent  with  typical  duct  heights 
on  the  southeast  side  of  the  sub-tropical  anticyclone  near 
the  southern  Califomia/Baja  coast. 

At  OOOOZ  on  30  August,  the  development  of  the  low 
pressure  area  off  northern  California  and  the  greater, 
denser  stratus  clouds  in  the  deeper  marine  layer  are 
reflected  in  duct  heights  there  of  around  2000  feet 
increasing  again  to  around  3500  feet  with  proximity  to 
bigger  cloud  cells  and  warmer  waters  towards  the 
southwest.  Also,  off  Baja  and  southern  California  within 
smoother  looking  smaller  celled  stratus  clouds,  duct 
heights  were  estimated  by  the  IR  duct  technique  to  be 
around  1600  to  1700  feet. 

At  2300Z  on  30  August,  as  the  low  continued  to  develop 
as  it  moved  westward,  estimated  duct  heights  increased 
near  the  low  to  3100  to  3600  feet,  and  in  the  warmer 
waters  of  the  Pacific  to  4300  feet.  Meanwhile  close  to 
the  Southern  California  coast,  they  were  near  1700  feet. 

A  day  later  at  OOOOZ  on  01  September  1993,  continued 
retrogression,  deepening  and  expansion  of  the  low 
resulted  in  duct  height  near  the  low  center  of  4300  feet 
with  lower  heights  to  the  west  (3700  feet)  and  southeast 
(3100  feet).  Duct  heights  in  the  stratocumulus  region  in 
warm  waters  marked  by  large  cell  sizes  were  estimated 
to  be  5300  feet.  In  the  smoother,  lower  stratus  just  off 
Baja  California,  duct  heights  were  only  1800  feet.  By 
OOOOZ  on  02  September  1993,  low  clouds  in  the  vicinity 
of  the  low  had  risen  to  over  6000  feet,  while  closer  to  the 
coast,  low  stratus  had  expanded  in  the  subsiding  air 
there.  At  OOOOZ  on  03  September,  a  low-level 
streamline  analysis  prepared  by  Eddington,  Figure  21 
shows  the  return  of  the  divergent  flow  near  the  surface 
which  is  so  typical  of  stratus  conditions  there. 

In  this  sequence,  the  IR  duct  height  provided  reasonable 
estimates  of  duct  OCH  throughout  the  region  of  study 
with  results  that  were  consistent  with  prior  studies 
showing  duct  height  increasing  with  increasing 
stratus/stratocumulus  cell  size  and  'denser'  clouds,  and 
with  development  of  low  pressure  centers  which  tend  to 
deepen  marine  layers.  Moreover,  the  results  for  this 
period  were  also  consistent  with  seasonal  and 
climatological  considerations. 

Based  on  the  limited  data  examined  here,  and  prior 
studies,  it  appears  that  the  IR  duct  technique  is  an 
excellent  assessment  tool  in  mapping  out  duct  height 
variability  over  stratus  covered  ocean  areas  and  is 
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Figure  19.  Sequence  of  GOES  visual  satellite  images 
approximately  24  hours  apart  from  0030Z  28  August 
through  2330Z  on  2  September  showing  the  deepening 
of  the  marine  layer  associated  with  the  low  formation 
and  westward  movement  off  Northern  California,  and 
the  subsequent  re-formation  of  low  stratus  along  the 
coast  at  the  end  of  the  period. 
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Figure  20.  Same  GOES  images  as  figure  19  with 
duct  heights  estimated  using  the  IR  duct  technique 
derived  from  corresponding  infrared  data  (when 
available)  superimposed  on  the  visual  imagery. 

The  changing  duct  heights  are  a  result  of  the  synoptic 
and  mesoscale  changes  which  occurred  over  the 
Eastern  Pacific  Ocean. 
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Figure  2 1 .  Low-level  streamline  analysis  by  Eddington  for 
0000Z  1  September  1993  superimposed  on  NMC  850  mb 
analysis.  The  streamlines  reveal  the  return  of  the  divergent 
flow  near  the  surface  typical  of  stratus  conditions  there. 

extremely  valuable  in  demonstrating  the  influence  of 
synoptic  and  mesoscale  change  on  duct  height. 

8.  SUMMARY 

A  variety  of  climatological,  statistical,  satellite  and 
automated  techniques  have  been  developed  which  describe 
the  variability  of  elevated  ducting  in  historical,  synoptic 
and  mesoscale  time  and  space  scales.  Most  of  these  are 
being  incorporated  into  Experduct,  an  automated 
knowledge-based  predictive  and  assessment  system.  One 
of  the  most  promising  of  these  tools  is  the  IR  duct 
technique  which  produced  realistic  duct  heights  over  open 
ocean  areas  when  applied  to  several  periods  of  synoptic 
and  mesoscale  change  during  YOCAR.  For  forecasts 
beyond  48  hours,  climatological  statistics  have  been 
increasingly  blended  in  to  keep  predictions  realistic.  The 
climatological  statistics  include  a  global  diurnal 
variability  of  duct  occurrence  recently  discovered  by 
Helvey. 
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DISCUSSION 


W.  OLSEN 

I  was  fortunate  to  be  in  the  right  place  at  the  right  time  to  have  the  opportunity  to  lead  a  group 
of  Navy  operational  forecasters  in  applying  and  testing  the  forecast  guidelines  Jay  Rosenthal  and 
his  associates  at  NAWC  Point  Mugu  and  NRaD  San  Diego  have  developed.  For  about  a  two 
year  period,  Naval  Pacific  Meteorology  and  Oceanography  Center  at  Pearl  Harbor  produced  a 
daily  analysis  and  36  hour  forecast  graphic  for  the  Eastern  Pacific  Ocean,  named  Horizontal 
Refractive  Depiction  or  "HRD".  As  a  result  of  several  on  my  boss’  staff  being  pessimistic  that 
refractivity  forecasting  is  possible,  we  were  required  to  undergo  a  rigorous  independent 
verification  and  validation  (IV  &  V).  Iam  happy  to  report  that  the  results  were  positive  and  our 
forecast  accuracy  was  better  than  climatology,  and  thus  considered  to  be  tactically  useful.  Do 
you  believe  your  techniques  are  applicable  to  other  areas  of  the  world  and  not  just  the  Eastern 
Pacific?  And  secondly,  when  do  you  expect  EXPERDUCT  to  be  available  for  use  by  the 
operational  forces? 

AUTHOR’S  REPLY 

The  basic  meteorological  processes  must  be  the  same  from  region  to  region;  in  fact  that  allows 
us  to  generalize  the  techniques.  Data  from  the  North  and  South  Pacific,  North  and  South 
Atlantic,  Mediterranean  and  Indian  Ocean  all  went  into  the  development  of  the  refractive- 
synoptic  parameters.  However,  while  the  basic  meteorological  processes  are  similar,  there  are 
major  differences  from  region  to  region  on  how  topography  and  local  wind  patterns  influence 
refractive  structure,  and  govern  the  sequences  of  events.  So  it  is  essential  that  EXPERDUCT 
be  developed  regionally.  We  expect  the  first  regional  EXPERDUCT  to  be  available  in  1996 
with  new  regions  added  approximately  each  year.  Thank  you  again  for  your  support,  interest 
and  valuable  inputs. 

D.  DOCKERY 

Please  comment  on  the  possibility  of  determining  when  elevated  ducts  become  surface-based 
ducts,  since  surface-based  ducts  have  much  stronger  impacts  on  ship  systems. 

AUTHOR’S  REPLY 

When  ducting  is  surface  or  near-surface-based,  stratus  appears  much  more  uniform  and  smooth, 
and  according  to  the  subjective/objective  model,  can  indicate  these  very  low  ducts  from  pattern 
recognition.  The  IR-duct  technique  similarly  can  assign  a  very  low  or  near-surface  value 
because  as  the  inversion  and  associated  duct  become  very  low,  the  cloud  top  temperature 
becomes  warmer  than  at  higher  attitude.  The  IR-duct  technique  estimates  duct  height  from  the 
cloud  top  temperature.  Both  techniques  require  the  presence  of  stratus  or  stratocumulus  clouds. 
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SUMMARY 

This  report  compares  measured  forward-looking 
infrared  (FL1R)  system  detection  ranges  of  a  target  ship, 
the  Research  Vessel  Point  Sur ,  with  predictions  from  the 
Electro-Optical  Tactical  Decision  Aid  (EOTDA)  version 
3.0.  The  EOTDA  was  primarily  developed  by  the  Air 
Force,  with  only  minimal  attention  applied  to  the 
complexities  of  the  marine  environment.  The  objective 
of  this  case  study  was  to  evaluate  the  infrared  EOTDA 
performance  for  a  target  in  an  open  ocean  background. 

Surface  meteorological  and  navigation  data  were 
recorded  aboard  the  Point  Sur.  Eight  FLIR  missions 
were  flown  making  57  detection  range  measurements. 
The  meteorological  and  navigation  data  were  input  to 
the  EOTDA,  and  the  prediction  ranges  were  tabulated 
and  compared  with  the  reported  FLIR  data.  Results 
showed  reasonable  accuracy  during  the  clear-weather 
portion  of  the  tests,  but  the  EOTDA  grossly 
overpredicted  detection  ranges  when  a  stratus  cloud 
ceiling  prevailed.  Attempts  to  determine  integrated 
target  temperature  from  thermistors  mounted  on  the 
surface  of  the  ship  structure  were  unsuccessful.  Since 
calibrated  target  and  background  temperatures  were 
unavailable  at  the  times  of  the  FLIR  detection  range 
measurements,  it  was  not  possible  to  isolate  the  portion 
of  the  EOTDA  most  responsible  for  the  overpredictions. 
However,  the  transmission  model,  LOWTRAN  7,  has 
been  thoroughly  exercised  and  is  well  accepted.  The 
target  model  (TCM2)  of  the  EOTDA  performed  well  in 
another  case  study  [1]  during  the  same  field  tests.  This 
would  make  the  water  background  model  of  the  EOTDA 
most  suspect.  Further  investigation  of  the  water,  sky, 
and  cloud  radiance  models  of  the  EOTDA  is 
recommended,  especially  in  the  marine  environment. 


1.  BACKGROUND 
1.1  EOTDA  OVERVIEW 

Strike  warfare  planning  and  vulnerability  assessment 
relies  on  software-driven  tactical  decision  aids  (TDAs). 
The  EOTDA  Mark  III  [2]  is  a  microcomputer  code  that 
was  developed  through  the  coordinated  effort  of  several 


contractors  and  agencies  as  a  strike  warfare  planning 
tool.  Hughes  STX  Corporation,  under  the  direction  of 
the  Air  Force  Phillips  Laboratory,  brought  the  final 
product  together.  The  EOTDA  has  been  adapted  to  a 
workstation  platform  for  inclusion  into  the  Tactical 
Environmental  Support  System  version  3.0  (TESS(3)) 
and  the  Tactical  Aircraft  Mission  Planning  System 
(TAMPS)  version  6.0,  under  the  direction  of  Naval 
Research  Laboratory  (NRL),  Monterey,  California.  The 
EOTDA  is  also  being  marketed  globally  by  Hughes  STX 
Corporation. 

The  EOTDA  predicts  the  performance  of  a  variety  of 
electrooptical  sensors  against  a  variety  of  user-defined 
targets  and  backgrounds.  The  EOTDA  supports  three 
optical  regions,  the  long-wave  infrared  (8-12-p.m), 
visible  (0.4-0.9-pm),  and  laser  (1.06-p.m).  The  sensors 
include  long-wave  IR,  television,  laser,  and  night-vision 
goggles  (NVGs).  The  Navy,  under  the  direction  of 
NRL  Monterey,  leveraged  upon  the  Air  Force  effort  by 
adding  Navy  and  Marine  Corps  sensors  and  targets  to 
the  already  developed  software.  Sensors  were  added  for 
several  naval  air  platforms  (e.g.,  A-6E,  FA-18,  P-3C, 
and  F-14).  Two  ship  targets  (a  frigate  and  a  gunboat) 
have  been  added,  and  a  user-definable  generic  ship 
model  developed  by  Georgia  Technology  Research 
Institute  (GTRI)  is  currently  being  implemented. 

IR  sensor  performance  is  greatly  influenced  by 
environmental  conditions.  The  meteorological  input 
parameters  drive  the  calculations  of  target  and 
background  radiance  and  atmospheric  transmittance. 
The  calculations  are  computationally  intensive. 
Compromises  were  necessary  to  afford  reasonable 
computer  run-times  and  to  accommodate  the  intended 
operating  platform,  which  was  a  personal  computer  with 
an  80286  microprocessor  running  under  MS  DOS. 
Therefore,  a  simplified  two-layer  version  of  LOWTRAN 
7  [3]  determines  the  atmospheric  transmittance,  and  the 
EOTDA  target  and  background  model  employs  the 
intermediate  grade  of  TCM2  [4]  instead  of  the  more 
refined  research  grade  software. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Gemany  19-22  September  1994. 
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The  target  and  background  thermal  contrast  model, 
TCM2,  was  developed  by  Georgia  Technology  Research 
Institute.  TCM2  is  a  first-principles  model.  It  treats  the 
target  and  background  as  a  series  of  three-dimensional 
isothermal  spatial  nodes  with  specific  material 
properties.  After  a  steady-slate  initialization  process,  an 
energy  balance  solution  using  the  laws  of  heat  transfer 
are  applied  to  the  thermal  network  to  determine  the 
nodal  heat  transfers.  Finally,  the  radiance  values  are 
calculated  in  the  desired  wave  band  for  each  node.  The 
radiance  values  of  the  node  facets  that  are  visible  in  the 
field-of-view  of  the  sensor  are  integrated  to  determine 
the  overall  target  radiance.  The  intermediate  grade 
TCM2  uses  a  one-dimensional  solution  and  allows  fewer 
nodes,  thus  limiting  target  resolution  compared  with  the 
research  grade  TCM2.  The  background  is  modeled  as  a 
single  homogeneous  node  resembling  an  isothermal 
plate  surrounding  the  target,  and  the  sky  is  considered  a 
uniform  hemisphere  covering  the  target.  The 
complexities  of  the  background  and  sky,  such  as  clutter, 
sea-surface  wave-slope  reflections,  and  diffuse  scattering 
and  cloud  effects  are  ultimately  combined  into  a 
homogenized  background  solution.  The  difference 
between  the  uniform  background  radiance  and  the 
integrated  target  radiance  determines  the  zero-range 
thermal  contrast.  Whether  this  thermal  contrast  is 
representative  of  the  real-world  scene  depends  on  many 
conditions,  such  as  scene  complexity,  human 
perception,  and  cueing  factors. 

User  inputs  to  the  EOTDA  are  entered  through  a 
combination  of  menu  selections,  keyboard  entries,  and 
graphical  positioning  with  a  mouse.  Temperatures  are 
entered  by  pointing  a  mouse  at  the  desired  position  on  a 
graph.  The  wind,  rain,  cloud,  visibility,  and  other 
meteorological  inputs  are  entered  as  text  in  Terminal 
Aerodrome  Forecast  (TAF)  code  format.  The  aerosol 
model  is  selected  from  a  menu  of  17  choices.  Relative 
humidity  values  are  calculated.  Menus  also  provide  six 
backgrounds,  18  specific  targets,  several  user-definable 
generic  targets,  and  many  sensors  to  choose  from. 

A  seemingly  unnecessary  limitation  of  the  EOTDA  is 
that  it  calculates  the  value  of  some  parameters,  such  as 
relative  humidity  and  sea  surface  temperature,  even  if 
the  user  could  provide  a  more  accurate  value  based  on 
measurements.  It  is  likely  that  future  implementations 
of  the  EOTDA  will  automate  the  meteorological  inputs. 
Automation  will  decrease  the  possibility  of  human  error 
and  will  restore  input  data  precision  that  was  sacrificed 
for  ease  of  use. 

The  run  times  range  from  a  few  seconds  to  several 
minutes,  depending  on  the  type  of  computer  (for 
example,  an  80486  versus  an  80286),  the  target 
complexity,  and  the  number  of  output  times  selected. 
Besides  the  numeric  and  graphical  outputs,  a 
visualization  display  is  available  that  portrays  the 


radiance  values  of  the  background  and  each  target  node 
pictorially. 

1.2  FLEET  USE  OF  THE  EOTDA 

Infrared  technology  was  employed  extensively  in  the 
Persian  Gulf  during  Operation  Desert  Storm,  but  the 
EOTDA  was  not  widely  used  [5],  When  the  EOTDA 
was  used,  it  favorably  influenced  mission  planning 
decisions.  The  desert  background  model  proved 
inaccurate  early  in  the  war,  but  this  problem  was 
corrected  with  a  software  fix.  While  some  forecasts 
were  found  to  be  incorrect,  the  overall  predictions  were 
considered  adequate.  However,  there  was  little  feedback 
on  the  accuracy  of  the  predictions,  because  the  Desert 
Storm  pilots  and  planners  only  required  general  (good, 
marginal,  or  poor)  forecasts.  The  most  difficult  problem 
reported  by  meteorologists  operating  the  EOTDA  was 
not  with  the  EOTDA  itself,  but  getting  accurate 
battlefield  weather  conditions  and  forecasts  to  input  into 
the  model. 

Havener  and  Funk  [5]  offer  suggestions  based  on  Desert 
Storm  for  improving  the  utility  of  the  EOTDA.  One 
was  to  tailor  the  output  to  the  needs  of  the  user.  The 
level  of  detail  required  from  the  EOTDA  varied  with  the 
type  of  mission.  For  example,  an  aircraft  looking  for 
targets  of  opportunity  only  needs  general  information  on 
the  IR  conditions  for  various  times  of  the  day.  For  an 
aircraft  striking  a  specific  target,  more  detailed 
information  on  detection  and  lock-on  ranges  would  help 
determine  the  best  weaponry  and  strategies  to  minimize 
vulnerability.  Version  3  of  the  EOTDA  addresses  this 
suggestion  by  allowing  the  user  to  specify  the  contents  of 
the  output.  Other  suggestions  included:  provide  more 
training  and  awareness,  automate  the  inputs,  and 
provide  a  capability  to  correct  and  redefine  the 
backgrounds  and  a  capability  to  define  new  targets. 

The  EOTDA  is  more  sophisticated  and  contains  more 
capabilities  than  the  UFLR  model  [6]  residing  in  the 
current  shipboard  Tactical  Environmental  Support 
System.  It  is  also  much  easier  to  use  and  has  wider 
distribution  than  previous  versions.  Transitioning  the 
EOTDA  into  TESS(3)  will  further  increase  the 
availability  to  the  fleet.  It  is  reasonable  to  assume  that 
the  fleet’s  use  of  the  EOTDA  will  increase  dramatically 
in  the  coming  years.  Therefore,  it  is  crucial  that  the 
EOTDA  be  properly  evaluated  to  determine  the  validity 
of  its  output  and  to  identify  any  problem  areas. 

1.3  VALIDATION  OF  THE  EOTDA 

Ideally,  the  limitations  and  accuracies  of  a  TDA  should 
be  quantified  so  that  the  user  can  properly  apply  the 
information  it  provides.  However,  the  complex 
modeling  requirements  and  the  numerous  possibilities  of 
environmental  and  physical  parameters  that  define  an 
optical  scene  make  calibrating  a  TDA  a  formidable  task 
for  even  a  single  sensor  and  target.  The  best  that  can  be 
done  in  most  cases  is  to  verify  the  basic  physics  involved 
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for  each  subroutine  and  then  perform  a  variety  of 
validation  tests  under  whatever  limited  conditions 
naturally  occur  during  the  testing  period.  Much  of  the 
physics  of  the  EOTDA  is  from  well-accepted 
methodology,  but  little  has  been  done  to  quantitatively 
validate  the  overall  performance. 

Sensitivity  tests  have  been  performed  [7],  However, 
sensitivity  tests  do  not  validate  the  model.  Sensitivity 
tests  vary  the  input  parameters  for  a  given  base  case  to 
show  how  much  each  parameter  affects  the  results  for  a 
given  scenario.  For  example,  small  amounts  of  rain  or 
battlefield-induced  contaminants  were  shown  to  have  a 
large  effect  on  detection  range  [8].  In  general,  clouds 
were  shown  to  reduce  temperature  contrast  which  tends 
to  reduce  detection  range.  However,  Shapiro  [7]  showed 
that  the  presence  of  clouds  can  actually  improve 
detection  range  in  some  cases  by  delaying  or  preventing 
a  temperature  contrast  reversal  of  the  target  against  the 
background.  While  sensitivity  tests  are  important  for 
understanding  the  behavior  of  the  model,  they  do  not 
indicate  absolute  accuracy,  and  they  only  apply  to  the 
base  case  conditions. 

Real-world  validation  tests  cannot  fully  determine 
accuracy  and  variability  either.  However,  it  is  important 
to  measure  TDA  performance  from  an  end-user 
perspective.  A  TDA  that  performs  well  in  theory  but 
cannot  be  trusted  in  battle  is  dangerous.  The  result  will 
be  either  poor  mission  planning  or  a  TDA  that  will  be 
ignored.  End-to-end  evaluations  typically  compare 
reports  of  detection  ranges  from  air  crews  with  the 
EOTDA  predictions.  Tests  controlled  by  researchers  are 
costly  and  large  data  samples  over  a  wide  range  of 
conditions  are  usually  unobtainable.  Also,  it  is  difficult 
to  quantify  the  performance  differences  among  different 
air  crews  and  different  aircraft.  In  spite  of  the 
difficulties,  this  type  of  evaluation  is  cnicial  in  defining 
the  usefulness  and  limitations  of  the  TDA  in  real-world 
situations,  and  often  identifies  problems  that  go 
unnoticed  in  modular  and  theoretical  testing. 

NRL  Monterey  has  conducted  several  evaluations  in  the 
past  using  measurements  from  aircraft  out  of  naval  air 
stations  at  Whidbey  Island,  Moffett  Field,  and  Lemoore. 
Data  from  these  measurements  have  led  to  TDA 
improvements  and  were  used  to  compare  various  TDAs. 
These  comparisons  were  instrumental  in  deciding  to 
include  the  EOTDA  Mark  III  into  TESS(3).  The 
aircraft  measurements  presented  in  this  report  advance 
the  validation  process  and  also  illuminate  some  concerns 
that  need  to  be  investigated. 


2.  MEASUREMENTS 

2.1  OVERVIEW  OF  FIELD  TESTS 


The  primary  data  for  this  report  stem  from  an  open 
ocean  field  experiment  conducted  29  July  to  4  August 
1992  off  the  coast  of  Monterey,  California  by  Naval 
Command,  Control  and  Ocean  Surveillance  Center 
(NCCOSC),  Research,  Development,  Test  and 
Evaluation  Division  (NRaD)  in  cooperation  with  the 
Naval  Postgraduate  School.  The  purpose  of  the 
experiment  was  to  collect  a  comprehensive  set  of 
meteorological  and  ship  temperature  data,  infrared  (IR) 
images,  and  airborne  FLIR  detection  range  data  in 
support  of  ongoing  research.  This  included  validation  of 
the  Performance  and  Range  of  Electrooptical  Systems 
(PREOS)  detection  range  algorithm  [9]  and  the 
SHIPSIG  thermal  model  for  combatant  ships  [10]  [11], 
The  initial  results  of  the  PREOS  validation  were 
documented  in  a  thesis  for  the  Naval  Postgraduate 
School  [12],  The  SHIPSIG  evaluation  was  combined 
with  a  comparison  of  TCM2  and  presented  in  another 
NRaD  report  [13].  The  field  data  are  further  utilized  in 
this  report  to  evaluate  the  EOTDA  Mark  III. 

The  Research  Vessel  Point  Sur  was  the  primary 
measurement  platform.  Point  Sur  is  a  135-foot  ship  that 
is  owned  by  the  National  Science  Foundation.  It  served 
as  a  platform  for  meteorological  and  surface 
measurements  and  as  an  IR  target  for  the  airborne  FLIR 
and  imaging  systems.  Scientists  from  the  Naval 
Postgraduate  School,  NRaD,  and  Naval  Surface  Warfare 
Center  (NSWC)  were  aboard  the  Point  Sur  to  conduct 
the  onboard  measurements.  Figure  1  shows  the  ship 
track  for  the  five-day  cniise  as  recorded  by  the  Global 
Positioning  System  (GPS)  receiver. 


Pt  Sur  Navigation  Jul  29  to  Aug  4,  1 992 


Figure  1.  GPS  track  of  the  Research  Vessel  Point  Sur. 

Air  temperatures  ranged  from  1 1.5  to  17.8  °C  during  the 
cruise.  Sea  temperatures  were  from  11.0  to  18.1  °C, 
with  a  warmer  sea  than  air  temperature  most  of  the 
time.  Wind  speeds  ranged  from  3  to  26  knots,  and  were 
predominately  from  the  Northwest.  Stratus  clouds 
dominated  until  the  last  day  of  the  test  when  clear  skies 
prevailed.  The  stratus  base  ranged  from  500  to  1300 
feet  according  to  the  aircrew  reports.  Cloud  tops  as 
determined  from  radiosonde  relative  humidity  gradients 
ranged  from  1200  to  2100  feet. 
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2.2  SHIPBOARD  MEASUREMENTS 
Ground-truth  measurements  of  the  skin  temperatures  of 
the  ship  were  collected  from  15  thermistors  attached  to 
the  ship,  and  a  hand-held  radiometer.  The  thermistors 
were  mounted  on  the  large-area  surfaces  of  the  ship  and 
were  continuously  recorded.  Spot  measurements  of  IR 
skin  temperature  were  made  several  times  daily  with  a 
hand-held  radiometer  that  operated  in  the  8-12  micron 
band. 

Meteorological  data  were  collected  by  the  Naval 
Postgraduate  School  from  a  variety  of  shipboard  sensors. 
The  surface  parameters  measured  included:  air 

temperature,  sea  temperature,  dewpoint  temperature, 
wind  speed,  wind  direction,  relative  humidity,  pressure, 
and  solar  irradiance.  Vertical  profiles  of  meteorological 
parameters  were  obtained  from  a  VAISALA  RS80 
rawinsonde  system.  The  calibrated  accuracies  of  this 
system  are  within  0.5  mb  pressure,  0.2  °C  temperature, 
2%  relative  humidity,  and  2%  altitude.  Atmospheric 
radon  concentrations  were  also  recorded  as  an  aid  to 
identifying  continental  versus  marine  air  masses. 
Among  the  ship  navigation  data  recorded  were  latitude, 
longitude,  gyro  heading,  and  ship  speed. 

2.3  AIRBORNE  MEASUREMENTS 

The  NRaD  airborne  platform  is  a  Piper  Navajo  aircraft 
that  is  outfitted  with  navigation,  meteorological,  aerosol 
and  thermal  image  recording  systems.  The  aircraft  flew 
1 1  missions.  Meteorological  and  aerosol  data  were 
collected  as  a  function  of  altitude  in  13  spiral  ascents, 
each  beginning  at  200  feet  and  climbing  to  5000  feet.  A 
total  of  2603  image  frames  of  the  Point  Sur  w'ere 
collected  with  the  AGA-780  Radiometric  Thermal 
Imaging  System,  which  was  operated  in  the  8-12  pm 
band.  Additional  meteorological  and  aerosol  data  were 
collected  at  200-foot  and  500-foot  altitudes  during  the 
image  collections.  Meteorological  and  navigational 
parameters  were  recorded  at  5-sccond  intervals.  These 
included  date,  time,  GPS  latitude  and  longitude, 
altitude,  air  temperature,  dewpoint  temperature,  relative 
humidity,  and  atmospheric  pressure. 

2.4  FLIR  MEASUREMENTS 

Besides  being  the  primary  meteorological  measurement 
platform,  the  Research  Vessel  Point  Sur  was  also  used 
as  the  target  for  the  FLIR  and  IR  imaging  systems. 
Seven  aircraft  employing  an  8-12  pm  FLIR  system  with 
a  mercury-cadmium-telluride  (HgCdTe)  sensor  detector 
flew  range  detection  missions  during  the  tests.  Eight 
missions  were  flow'll,  four  at  night  (at  about  2300  PDT) 
and  four  during  mid-morning  (at  about  1000  PDT), 
making  a  total  of  57  passes  at  the  target.  The  results 
from  these  overflights  provide  the  primary  foundation 
for  this  report. 

A  representative  from  the  Naval  Postgraduate  School 
instructed  flight  crews  in  a  preflight  briefing  before  each 
mission.  The  aircrews  had  voice  and  visual  contact  with 


the  Point  Sur  before  making  detection  runs.  Runs  were 
made  from  two  altitudes:  500  and  1000  feet.  For 
consistency,  all  detection  ranges  were  determined  using 
the  wide  field  of  view  lens.  Target  classification  and 
identification  ranges  were  determined  using  the  narrow 
field  of  view  lens.  Detection  was  defined  as  when  the 
operator  first  notices  a  dot  on  the  display.  The  aircrew 
operator  recorded  the  detection  ranges  and  requested 
supplemental  information  on  data  sheets  provided  for 
the  tests.  Display  images  were  preserved  on  video  tape, 
which  is  now  archived  at  the  Naval  Postgraduate 
School. 

2.5  EOTDA  OPERATION 

The  input  values  required  to  operate  the  EOTDA 
include  meteorology,  navigation,  and  operational 
parameters.  Entering  the  operational  parameters,  such 
as  type  of  sensor,  aircraft  altitude,  and  ship  heading,  is  a 
straightforward  transfer  of  measured  values.  In 
contrast,  the  meteorological  parameters  are  more 
difficult  to  input  because  they  require  some 
interpretation.  Visibility,  for  example,  significantly 
affects  detection  range  calculations,  but  is  difficult  to 
measure  accurately.  Wind  direction  and  speed  were 
measured  continuously,  but  the  precise  values  must  be 
translated  to  TAF  code  to  operate  the  EOTDA,  which 
tends  to  degrade  the  precision. 

Comparison  tests  at  NRL  Monterey  noted  discrepancies 
in  the  output  between  versions  2.0  and  3.0.  When  the 
meteorological  input  format  was  changed  from  the 
tabular  format  in  version  2.0  to  TAF  code  format  in 
version  3.0,  some  software  errors  resulted.  It  is  possible 
that  some  of  the  detection  range  error  in  this  data  set 
could  be  from  program  errors  rather  than  model 
performance.  However,  this  is  unlikely.  The  TAF  code 
input  was  checked  for  proper  format,  and  the  binary 
input  files  created  by  the  EOTDA  were  spot  checked  to 
verify  that  the  cloud  and  other  meteorological  data  were 
actually  getting  into  the  program.  Furthermore,  the 
input  values  were  from  carefully  monitored  in-situ 
measurements,  rather  than  imprecise  forecasts.  It  is 
therefore  reasonable  to  assume  that  the  output  results  are 
primarily  from  model  performance. 


3.  RESULTS 

3.1  DETECTION  RANGES 

Figure  2  is  a  scatter  plot  of  the  detection  ranges 
predicted  by  the  EOTDA  compared  with  the  detection 
ranges  observed  by  the  aircrews.  The  data  show  a 
tendency  of  the  EOTDA  to  overpredict  the  detection 
ranges.  There  was  no  significant  difference  between  the 
results  of  the  morning  flights  compared  with  the  night. 
An  overcast  stratus  layer  prevailed  throughout  the 
testing  period,  except  on  4  August,  the  final  night  of  the 
field  tests.  The  EOTDA  predictions  agree  more  closely 
with  the  observed  detection  ranges  on  the  clear  weather 
day,  4  August,  but  grossly  overpredict  the  detection 
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range  during  the  stratus  cloud  conditions.  At  first 
glance,  the  EOTDA  cloud  model  appears  to  need  some 
refinements,  but  the  problem  is  not  that  simple.  A 
multitude  of  interrelated  factors  is  involved.  Sensitivity 
tests  [7]  show  that  clouds  can  greatly  affect  detection 
range,  but  the  effects  are  maximum  during  the  daylight 
hours  and  minimal  at  night.  The  field  data  show  the 
error  difference  between  the  clear  day  and  stratus  days  is 
large  regardless  of  whether  the  overflight  was  night  or 
morning.  This  suggests  that  there  is  more  than  simply 
cloud  effects  causing  the  overprediction  of  ranges. 
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Figure  2.  Observed  detection  ranges  compared  with 
EOTDA  MDT  range  predictions. 


3.2  BACKGROUND  TEMPERATURES 

Figures  3  and  4  compare  the  measured  sea  surface 
temperature  with  the  calculated  water  background 
temperatures  for  each  overflight.  Figure  3  is  a  scatter 
plot  of  the  temperature  values.  Figure  4  shows  the 
magnitudes  of  the  temperature  differences  for  each  set  of 
flights  (with  zero  being  perfect  agreement). 

The  calculated  values  of  the  physical  sea  temperature 
are  taken  directly  from  the  EOTDA  output  file 
FACET.TMP.  The  measured  sea  temperatures  were 
taken  aboard  the  Point  Sur  during  the  cruise  from  a 
thermistor  submerged  in  the  water.  The  thermistor 
measurement  depth  ranged  from  about  3  to  12  inches, 
depending  on  the  ship  speed.  Radiometric  sea 
temperatures  were  also  measured  from  onboard  the 
Point  Sur.  The  radiometric  values  were  taken  with  a 
hand-held  8-12  pm  Everest  radiometer.  Figure  5  shows 
that  the  onboard  thermistor  and  radiometric 
temperatures  are  in  close  agreement.  The  onboard 
radiometric  and  thermistor  sea  temperatures  ranged 
from  11.0  to  18.1  °C  over  the  entire  test  period,  with  an 
average  agreement  of  0.1  °C  and  standard  deviation  of 
0.3. 


Figure  3.  EOTDA  calculated  sea  temperature  compared 
with  measured  values. 


Figure  4.  Background  temperature  differences  over  the 
test  period  (57  overflights):  Point  Sur  thermistor  values 
minus  the  EOTDA  predicted  values. 


Figure  4  shows  that  the  TDA  calculations  of  the 
physical  sea  temperatures  are  within  ±2.0  °C  on  the 
stratus  weather  days.  On  the  clear  sky  day,  the  TDA 
overpredicted  the  physical  sea  temperature  an  average  of 
3.4  °C.  While  the  background  temperature  predictions 
showed  the  largest  errors  with  the  clear  weather  data, 
the  range  predictions  were  most  accurate  for  this  same 
data  set.  Part  of  the  reason  for  this  apparent 
contradiction  is  that  the  contribution  of  water  emissivity 
to  total  background  radiance  is  minimized  at  large 
angles  of  incidence,  as  shown  by  Fresnel’s  equation 
plotted  in  figure  6  (Shapiro,  1987).  The  incidence 
angles  for  this  data  set  ranged  from  85.8  to  89.6  degrees, 
assuming  a  smooth  ocean  surface  and  isotropic 
radiation.  Although  the  real-world  sea  surface  is  never 
perfectly  smooth  and  some  diffuse  radiation  is  always 
present,  the  angles  are  such  that  reflected  sky  radiance 
makes  a  major  background  contribution. 


38-6 


(C)  SEA  SURFACE  TEMPERATURES 
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Figure  5.  Comparison  of  radiometric  and  physical  sea 
temperatures. 
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Figure  6.  Emissivity  and  reflectance  of  sea  water  as  a 
function  of  incidence  angle. 

The  measurements  indicate  that  the  most  significant 
errors  in  the  background  temperature  predictions 
probably  stem  from  the  integrated  sky  radiance  and 
ocean  surface  reflectance  calculations.  Unfortunately, 
validation  of  the  sky'  contribution  is  not  possible  for  this 
data  set.  The  data  did  not  include  sky'  radiance 
measurements  or  simultaneous  radiometric  imaging  of 
the  target  and  background. 

3.3  TARGET  TEMPERATURES 

The  target  temperatures  predicted  by  the  EOTDA  are 
believed  to  be  reasonably  accurate  for  the  data  set 
presented  here.  Calibrated  thermal  images  of  the  target 
were  analyzed  and  the  path  effects  were  removed 
(Hughes  and  McGrath,  1993).  These  corrected  values 
were  compared  to  the  Georgia  Technology  Research 
Institute  program  TCM2  and  the  NSWC  program 
SHIPSIG  [1].  The  model  and  target  temperatures 
agreed  within  ±2.0  °C.  Table  1  shows  a  set  of  the 
corrected  AGA-780  thermal  imager  temperatures  and 
the  TDA  target  temperatures  for  the  starboard  and  port 
views  of  the  target.  The  overall  average  temperature  of 
the  TDA  was  15.3  °C,  and  the  AGA-780  image 
temperature  average  was  17.5  °C.  This  temperature 
difference  is  easily  explained  by  lime  difference  between 


the  airborne  AGA  measurements  and  the  aircraft  FLIR 
measurements.  All  of  the  AGA  measurements  were 
made  in  the  afternoon,  when  a  hotter  target  is  likely. 
The  TDA  validation  measurements  using  the  FLIR 
system  were  made  late  at  night  and  at  mid-morning 
when  a  cooler  target  temperature  is  expected.  Thus,  the 
2.2  degree  average  temperature  difference  is  not 
unreasonable.  No  simultaneous  measurements  were 
taken  with  operational  FLIR  and  the  AGA  imager,  so  a 
direct  correlation  of  measured  and  predicted 
temperatures  is  not  possible.  Attempts  to  correlate  the 
FLIR  and  AGA  with  thermistor  recordings  of  the  target 
also  proved  unsuccessful.  Twelve  thermistors  were 
attached  to  the  target  during  the  field  experiment,  but 
none  of  the  individual  thermistors  adequately  tracked 
the  average  target  temperatures.  No  scheme  of 
combining  the  thermistor  values  has  yet  been  devised 
that  represents  the  composite  ship  temperature.  Until  a 
better  data  set  is  available,  the  target  model  cannot  be 
properly  validated.  Meanwhile,  it  appears  that  the 
target  model  is  functioning  with  an  accuracy  of  ±2.0 
°C. 


Date 

Time 

Meas 

TDA 

Meas 

TDA 

GMT 

Stbd 

Stbd 

Port 

Port 

7/29 

2230 

17.5 

18.1 

7/30 

0115 

15.3 

16.0 

7/30 

0610 

14.8 

14.8 

7/30 

1715 

14.5 

13.9 

7/30 

2045 

18.3 

18.5 

7/31 

0700 

15.2 

15.1 

7/31 

1715 

17.5 

17.1 

7/31 

2115 

19.1 

19.0 

8/01 

0510 

15.2 

15.2 

8/01 

1745 

16.8 

17.2 

8/01 

2030 

18.9 

19.6 

8/03 

1745 

17.1 

16.6 

8/03 

1930 

18.3 

17.0 

8/03 

2230 

16.8 

16.7 

8/04 

0145 

16j1 

15.2 

8/04 

0500 

12.2 

11.9 

Table  1.  Comparison  of  target  temperatures  from  the 
AGA-780  imager  and  the  EOTDA  predictions  for  the 
starboard  and  port  sides. 

4.  CONCLUSIONS 

Since  the  EOTDA  program  development  was  primarily 
directed  toward  Air  Force  applications,  little  has  been 
done  to  test  and  validate  the  marine  environment.  The 
results  presented  here  clearly  show  the  need  to  further 
investigate  and  improve  the  EOTDA.  The  TDA 
performed  well  on  the  clear  sky  day  of  the  tests  and 
performed  poorly  on  the  stratus  days.  Tests  should 
especially  focus  on  the  transmission,  sky  radiance, 
cloud,  and  water  background  models. 
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It  is  hoped  the  EOTDA  operation  can  be  fully  automated 
in  the  future.  By  interfacing  the  EOTDA  to  a  weather 
forecasting  system,  input  reliability  and  consistency  are 
attainable,  and  the  program  will  be  easier  to  use.  It 
appears,  however,  that  the  TDA  predictions  are 
unreliable  in  some  situations  regardless  of  the  quality  of 
the  input  data.  Therefore,  an  experienced  human 
operator  is  still  required  to  interpret  the  results  and 
adjust  the  predictions  based  on  feedback  from  similar 
scenarios.  For  example,  an  operator  who  knows  that  the 
model  overpredicts  detection  ranges  in  an  open  ocean 
background  when  there  is  a  prevailing  stratus  cloud 
ceiling  could  introduce  a  correction  factor  (e.g.,  divide 
by  2.5)  that  would  make  the  results  more  accurate.  It  is 
hoped  that  further  validation  and  testing  will  provide 
solutions  that  do  not  require  intervention. 

The  current  EOTDA  is  a  vast  improvement  over  the 
UFLR  program  that  is  currently  in  TESS.  The  upgraded 
user-interface  makes  the  program  much  easier  to  use, 
and  the  models  push  the  limit  of  the  original  intended 
platform,  a  PC  with  a  80286  processor.  The  fleet  use  of 
the  TDA  should  greatly  increase  now  that  the  program 
is  easier  to  use  and  has  a  wider  distribution.  Inclusion 
into  TESS(3)  should  further  increase  the  usage  of  the 
EOTDA.  It  is  therefore,  critical  that  the  model  be  more 
fully  validated  and  any  problems  be  annotated  and 
corrected  as  quickly  as  possible. 
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SUMMARY 

A  mesoscale  model  was  run  in  a  data  assimilation  cycle 
throughout  the  12-day  period  of  the  Variability  of  Coastal 
Atmospheric  Refractivity  (VOCAR)  experiments’s  Intensive 
Observing  Period  (IOP).  A  developing  synoptic  low,  a 
mesoscale  eddy,  sea-land  breezes,  mountain-valley  winds, 
and  coastal  low-level  jets  (LLJ’s)  are  some  of  the  phenomena 
modeled,  and  to  some  extent,  observed  during  VOCAR. 
Impacts  of  these  processes  on  the  marine  atmospheric 
boundary  layer  (ABL)  and  microwave  refractivity  are 
highlighted  in  this  paper. 

From  August  23  to  September  3,1993  the  IOP  of  the  VOCAR 
experiment  was  conducted  in  the  Southern  California  bight 
from  Point  Conception  to  San  Diego.  This  experiment  was 
designed  to  observe  the  mesoscale  stmcture  of  the  ABL  in  the 
bight  so  as  to  accurately  characterize  the  temporal  and  spatial 
variability  of  the  microwave  refractivity  field.  Analyses  or 
forecasts  of  propagation  conditions  (e.g.,  surface-based  or 
elevated  trapping  layers;  extent  of  over-the-horizon  propaga¬ 
tion,  etc.)  require  accurate  depiction  of  the  depth  and  structure 
of  the  ABL  (particularly  vertical  gradients  in  temperature  and 
moisture  at  the  ABL  top).  Numerous  special  observations  were 
made  during  the  IOP  and  are  used  to  evaluate  model 
performance. 

1.  INTRODUCTION 

In  this  paper  we  discuss  results  from  a  mesoscale  model  which 
was  run  over  the  VOCAR  domain  (shown  in  Fig.l)  with  20 
km  grid  spacing  and  30  vertical  levels  spaced  so  as  to  provide 
high  ABL  resolution. 


Figure  1.  Map  of  key  locations  in  VOCAR  domain.  The 
mesoscale  model  was  run  over  the  much  larger  domain 
shown  in  Fig.2. 


Twice  daily  forecasts  to  24  h  were  made  using  a  continuous 
12  h  data  assimilation  cycle.  The  model  computes  the  modi¬ 
fied  refractive  index,  M,  which  is  primarily  a  function  of  water 
vapor  and  temperature.  A  layer  with  negative  DM/DZ  is,  under 
certain  conditions,  capable  of  permitting  greatly  extended 
propagation  ranges,  and  such  a  layer  is  often  called  a  "trapping 
layer". 

The  mesoscale  model  we  use  is  a  version  of  the  Navy 
Operational  Regional  Atmospheric  Prediction  System 
(NORAPS)  which  is  described  in  Refs  1  and  2.  It  is  a 
hydrostatic  primitive  equation  model  with  a  split  explicit  time 
integration  scheme  and  uses  a  sigma  (p/ps)  coordinate  in  the 
vertical.  We  use  a  data  assimilation  cycle  in  which  a  previous 
12  h  forecast  is  combined  with  observational  data  in  an 
optimum  interpolation  analysis.  In  this  manner  much  of  the 
mesoscale  detail  that  is  produced  by  the  model  is  maintained 
throughout  the  analysis  and  initialization  process.  This  is 
important  because  the  observations  are  much  too  sparse  to 
adequately  define  the  3D  mesoscale  structure  of  the  model 
domain. 

This  model  contains  a  second-order  closure  turbulence 
parameterization  based  on  the  Mellor  and  Yamada  level-3 
formulation  (Ref  3).  A  diagnostic  expression  for  cloud  liquid 
water  and  cloud  fraction  is  used  that  is  based  on  an  assumed 
joint-normal  probability  distribution  using  variances  and 
covariances  of  temperature  and  moisture.  Model  physical 
parameterizations  also  include  a  two-stream  radiation  scheme 
which  interacts  with  the  predicted  clouds  by  use  of  the  liquid 
water  path  length  in  formulating  transmission  functions.  Over 
land,  prognostic  budget  equations  are  used  to  compute  the 
diurnal  cycle  of  temperature  and  ground  wetness,  while  at 
ocean  points  the  sea  surface  temperature  (SST)  distribution  is 
fixed  during  any  given  model  forecast  (although  updated  every 
24  h)  and  similarity  expressions  are  used  to  compute  surface 
fluxes. 

The  reader  interested  in  further  model  description  and  the 
parameterizations  used  in  the  model  is  referred  to  Ref  2. 

2.  SYNOPTIC  AND  MESOSCALE  SETTING 
DURING  VOCAR 

The  overall  synoptic  pattern  during  the  first  few  days  of  the 
VOCAR  experiment  beginning  23  Aug  93  was  rather  typical 
for  the  summertime  California  coast,  with  an  inverted  thermal 
surface  trough  of  low  pressure  along  the  Colorado  river 
between  Arizona  and  California,  and  the  eastern  Pacific  high 
established  well  to  the  west  off  the  coast.  The  resulting 
pressure  gradient  caused  predominantly  northerly  flow  along 
the  coast;  however,  near  850  mb  the  flow  near  Point 
Conception  was  somewhat  more  northeasterly  and  a  substantial 
eddy  is  evident  in  the  model’s  forecast  wind  field  at  this  level 
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during  the  first  several  days  of  the  VOCAR  IOP.  The  eddy  is 
less  evident  at  the  surface,  although  many  coastal  stations  in 
the  bight  observed  southerly  wind  components. 
Orographically-forced  eddies  are  relatively  common  in  this 
region  due  to  the  predominantly  E-W  Santa  Ynez  and  San 
Rafael  mountains. 

During  the  middle  period  of  the  VOCAR  IOP  (27-31  Aug  93) 
the  850  mb  flow  along  the  California-Oregon  border  turned 
from  northerly  to  more  northeasterly.  At  1200  UTC  29 
August  the  model  shows  the  development  of  a  mesoscale  eddy 
on  the  Northern  California  coast  in  the  lee  of  the  Siskiyou  and 
Klamath  mountain  ranges.  This  eddy  couples  with  an  upper 
level  trough  and  amplifies  into  a  mesoscale  low  that  drifts 
southwestward  and  by  31  August  it  significantly  impacts  the 
flow  pattern  of  the  Southern  California  bight.  Figure  2  shows 
the  model’s  24  h  forecast  flow  valid  1200  UTC  31  Aug  at  a 
height  of  1  km,  where  the  model’s  sigma  level  data  has  been 
interpolated  to  a  constant  height  surface.  Wind  vectors  do  not 
appear  where  the  model’s  terrain  exceeds  1  km.  This  low 
continues  to  drift  westward  and  eventually  leaves  the  western 
boundary  of  the  mesoscale  model  and  more  typical  north¬ 
westerly  flow  is  established  along  the  Northern  California 
coast  toward  the  end  of  the  VOCAR  IOP. 


Figure  2.  24-h  forecast  wind  vectors  and  streamlines. 

3.  MESOSCALE  FORECASTS:  ABL  STRUCTURE 

AND  REFRACTIVITY  FEATURES 

3.1  Sea-Land  Breeze  Impacts 

Although  the  horizontal  resolution  is  coarser  than  desirable  for 
the  purpose,  the  model  does  resolve  the  sea-land  breeze  and 
generally  is  in  agreement  with  coastal  station  observations. 

The  sea-land  breeze  not  only  modifies  the  weather  experienced 
by  coastal  land  stations,  but  it  also  alters  the  marine  ABL 
adjacent  to  the  coast.  The  low-level  divergence  associated, 
through  continuity,  with  an  accelerating  sea  breeze  can  cause 
subsidence  and  a  lowering  of  the  marine  ABL  in  a  strip  along 
the  coast  during  daytime.  We  also  propose  that  coastal 
orography  can,  in  some  instances,  enhance  this  process  when 
mountains,  acting  as  elevated  heat  sources,  cause  additional 
acceleration  and  divergence  above  the  ABL.  These  diurnal 
changes  in  the  coastal  marine  ABL  can,  in  turn,  alter  the 
propagation  conditions  within  the  ABL  by,  for  example, 
causing  an  elevated  trapping  layer  to  lower  into  a 
surface-based  duct. 

During  the  first  week  of  VOCAR,  the  model  forecast 


significant  diurnal  variations  in  the  marine  ABL  along  the 
central  coastal  portion  of  the  bight.  Figure  3  is  a  time-height 
plot  showing  the  model’s  trapping  layer  and  contours  of 
potential  temperature  at  an  ocean  point  just  west  of  Huntington 
Beach  (south  of  Los  Angeles).  From  24-28  August  the 
trapping  layer  is  shown  to  be  very  low  at  midday  and  then 
elevates  and  generally  weakens  at  night.  This  is  less 
pronounced  on  the  26th  and  by  the  29th  the  trapping  layer  is 
somewhat  elevated  even  at  noon.  Also  shown  in  Fig.  3  is  the 
model  forecast  base  of  the  duct  (heavy  dots),  which  is  the 
height  where  M  equals  the  minimum  value  of  M  in  the 
trapping  layer.  There  is  surface-based  ducting  near  local  noon 
(2000  UTC)  and  elevated  ducting  near  sunrise  during  this 
period. 


Figure  3.  Solid  lines,  potential  temperature  (K);  dashed  lines, 
negative  DM/DZ  (trapping  layer);  and  heavy  dots,  base  of  the 
duct  location  at  4  hour  intervals. 

This  marine  ABL  diurnal  behavior  of  the  trapping  layer 
diminishes  rapidly  as  one  moves  west  away  from  the  coast. 

At  a  point  0.8  deg  longitude  west  of  the  point  in  Fig.  3  (close 
to  where  the  research  ship,  Pt.  Sur,  operated  during  VOCAR), 
the  model  still  shows  a  tendency  towards  midday  surface- 
based  ducting  and  slightly  elevated  ducting  at  night,  but  the 
trend  is  neither  so  clear  nor  so  pronounced  as  in  Fig.  3. 

3.2  Development  and  Impact  of  Synoptic  Low 

As  the  low  shown  in  Fig.2  moved  off  the  coast,  the  model 
forecast  development  of  a  deep  stratus  layer  extending  over 
the  entire  region  of  cyclonic  flow.  The  marine  ABL  reaches 
its  greatest  depth  of  about  1  km  in  the  southeast  quadrant  of 
the  low  and  its  cloud  deck  is  especially  thick  there,  indicating 
that  cloud  top  cooling  is  promoting  enhanced  entrainment  in 
that  location. 

Satellite  observations  show  the  presence  of  this  cyclonic 
circulation  in  the  position  forecast  by  the  model;  and  the 
satellite-measured  cloud  top  temperatures  are  particularly  cold 
in  this  quadrant,  indicating  a  deep  ABL.  The  model  indicates 
considerable  trapping  in  the  inversion  just  above  the  stratus 
deck. 

Figure  2  also  shows  evidence  of  a  mountain-parallel  barrier 
wind  flow  in  the  Southern  California  bight  region  as  the  wind 
abruptly  shifts  from  southwesterly  upon  entering  the  bight  to 
southeasterly  along  the  coast.  This  southerly  LU,  which  is 
just  outside  the  ABL,  accelerates  as  it  rounds  Pt.  Conception. 
The  divergence  associated  with  this  acceleration  causes 
subsidence  and  a  thinning  of  the  ABL  depth  in  a  narrow  strip 
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Figure  4  shows  a  trapping  layer  at  the  ABL  top  that  gently 
rises  from  about  400  m  near  the  coast  to  500  m  at  the  western 
extreme  of  the  figure.  Clouds  are  forecast  to  exist  well  away 
from  the  coast,  with  the  region  of  the  bight  between  118  and 
120W  in  this  figure  being  cloud  free  (we  consider  regions  with 
relative  humidity  greater  than  95%  to  be  cloudy).  By  31  Aug 
the  entire  region  is  forecast  to  be  stratus  covered  (Fig.5),  with 
the  ABL  deepening  to  near  1  km  in  the  west,  and  the  elevated 
trapping  is  nearly  gone.  (Note:  the  contour  interval  for 
trapping  is  the  same  in  Fig.4  and  5,  but  Fig.5  only  has  two 
small  areas  of  negative  DM/DZ).  The  minimum  in  ABL  depth 
near  119W  in  Fig.5  is  associated  with  the  LU’s  divergence 
discussed  above. 

Generally  stratiform  clouds  promote  the  development  of  a 
trapping  layer  at  their  top.  Cloud-top  cooling,  mixing  within 
the  cloud  layer  that  abruptly  ceases  in  the  inversion 
immediately  above,  and  subsidence  all  favor  the  development 
of  the  sharp  vertical  gradients  required  for  trapping.  When  the 
synoptic  low  influences  the  bight,  however,  the  subsidence  is 
reduced  or  eliminated,  permitting  the  marine  ABL  to  grow 
and,  furthermore,  southerly  flow  above  the  ABL  advects  in 
moisture  aloft.  These  processes  reduce  the  gradient  at  the  top 
of  the  ABL  and  weaken  or  eradicate  the  trapping  layer. 

3 3  Trends  in  Model  Forecast  Trapping  Layers 

Versus  Verifying  Observations 

Routine  and  special  VOCAR  radiosondes  taken  along  the 
coast,  on  islands,  and  from  a  ship  confirm  this  general  model 
trend  for  ABL  deepening  and  weakening  of  the  trapping  layer 
during  the  middle  portion  of  the  IOP.  From  the  model’s 
forecast  fields  we  computed  the  base  of  the  trapping  layer 
(where  DM/DZ  first  goes  negative)  at  all  of  the  sites  where 
radiosondes  were  launched  within  the  VOCAR  domain.  And 
we  found  the  base  of  the  trapping  layer  from  the  verifying 
radiosondes.  Figures  6a-f  show  the  model  forecast  trapping 
layer  height  along  with  the  radiosonde-determined  values  for 
several  stations  in  the  Southern  California  bight  region. 

Figures  6a-c  show  the  behavior  of  the  trapping  layer  at  three 
offshore  locations  —  San  Nicolas  Island,  San  Clemente  Island 
and  at  the  location  where  the  Naval  Postgraduate  School 
research  ship  was  on  station.  Each  heavy  dot  in  these  figures 
represents  a  value  of  trapping  layer  base  as  determined  from  a 
radiosonde,  while  the  solid  line  represents  the  model’s  forecast 
of  this  quantity.  Each  of  these  figures  show  a  similar  trend, 
with  a  minimum  in  trapping  layer  height  on  27  or  28  Aug.  93 
and  then  lifting  to  a  maximum  on  about  31  August.  This 
represents  the  effect  of  synoptic  forcing  over  the  entire 
Southern  California  bight.  The  substantial  lifting  begins  first 
with  the  development  of  cyclonic  flow  over  the  bight  and  then 
is  substantially  enhanced  when  the  meso-low  discussed  earlier 
begins  to  affect  the  region. 

The  trend  in  the  height  of  the  trapping  layer  is  similar  at  the 
coastal  stations  shown  in  Figs.6d-f.  At  Camp  Pendleton  and 
Point  Vicente  (near  Long  Beach),  Figs.6d  and  6e  show  that  the 
model  has  forecast  the  trend  in  trapping  quite  well  during  the 
middle  portion  of  the  VOCAR  IOP,  but  it  has  significantly 
underforecast  the  depth  early  and  late  in  the  IOP.  While  this 
discrepancy  was  present  in  the  island  stations  (Fig.  6a-b)  at  the 
end  of  the  period,  the  model  tended  to  do  a  better  job  at  those 
stations  early  in  the  IOP. 


LONGITUDE 

Figure  5.  As  in  Fig.4,  except  3  days  later.  Vertical  spacing 
same  as  Fig.4,  but  extends  higher. 


adjacent  to  the  coast,  while  the  remainder  of  the  bight  has  a 
rather  deep  ABL. 


During  the  period  28  through  31  August  the  ABL  deepens 
over  most  of  the  bight.  The  refractive  structure  changes  from 
a  rather  strong,  shallow  trapping  layer  to  a  higher  and  weaker 
or  nonexistent  trapping  layer.  Figure  4  shows  an  E-W  vertical 
cross  section  of  relative  humidity  greater  than  90%  and 
trapping  at  1200  UTC  28  Aug,  while  Fig.5  shows  the  situation 
at  1200  UTC  31  Aug.  Figures  4  and  5  are  both  24-h  model 
forecasts.  The  cross  sections  are  taken  at  a  latitude  of  33.5N. 
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Figure  4.  Cloud  (shaded)  and  trapping  (dashed)  layers  in  E-W 
cross  section. 
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Figure  6c.  As  in  Figure  6a  except  for  the  location  of  the 
Naval  Postgraduate  School  ship. 
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We  are  still  investigating  the  causes  for  these  poor  forecast 
periods.  The  symptom  is  for  the  marine  ABL  to  be  too  warm 
and  too  shallow,  and  some  of  this  may  be  caused  by  the 
initialization  procedure.  During  the  analysis/initialization  the 
model’s  first  guess  field  is  adjusted  based  on  the  errors 
between  the  observations  and  the  first  guess  field.  This 
adjustment  can,  in  some  circumstances,  result  in  the  mixed 
layer  temperature  of  the  marine  ABL  being  adjusted  to  a 
temperature  warmer  than  the  SST.  When  this  happens  the 
mixed  layer  can  no  longer  be  maintained  by  upward  fluxes 
and  the  model  loses  the  marine  ABL  structure  at  such 
locations.  It  can  take  up  to  a  day  or  so  of  forecast  time  for 
the  model  to  reestablish  a  marine  ABL. 

The  model  forecasts  were  particularly  poor  at  Pt.  Mugu 
(Fig.6f).  This  was  puzzling  because  Pt.  Mugu  and  Pt.  Vicente 
are  both  coastal  stations  that  are  only  about  100  km  apart.  At 
Pt.  Mugu  we  noted  a  model  tendency  to  develop  a  strong 
trapping  layer  at  the  surface  nearly  every  afternoon;  its 
character  being  that  of  a  very  strong  and  deep  surface 
evaporation  duct.  While  initially  we  suspected  the  cause  to  be 
somehow  related  to  the  mountainous  terrain  just  inland  from 
Pt.  Mugu,  eventually  we  discovered  the  tme  source  of 
difficulty  was  something  quite  different  and  unexpected. 

To  the  west-southwest  of  Pt.  Mugu  lie  the  islands  of  Santa 
Cruz  and  Santa  Rosa  —  at  their  closest  point  being  only  about 
35  km  from  Pt.  Mugu.  Due  to  its  20  km  grid  spacing,  these 
islands  are  only  cmdely  represented  in  the  model  by  three  land 
points  that  are  surrounded  by  water  points.  Only  one  water 
point  separates  the  island  points  from  the  mainland  near  Pt. 
Mugu.  The  island  points,  like  the  mainland,  undergo  a  strong 
diurnal  cycle  in  surface  temperature  and  ABL  properties.  In 
the  afternoon,  when  the  islands  are  considerably  warmer  than 
the  surrounding  SST,  the  wind  is  generally  on  shore  due  to  the 
sea  breeze.  This  carries  the  warm  "heat  island"  ABL  towards 
Pt.  Mugu.  This  daytime  advection  of  warm,  dry  air  from  the 
island  causes  the  development  of  a  stable  surface  layer  with  a 
strong  moisture  gradient  over  the  water  (air  warmer  than  the 
SST)  which  gives  rise  to  strong  ducting  in  the  surface  layer. 
Conditions  similar  to  this  have  been  more  commonly  observed 
with  offshore  flow  from  a  heated  continent  (e.g.,  Ref.4,  Fig.l). 
The  model,  however,  because  of  its  lack  of  sufficient 
resolution,  may  be  tending  to  spread  this  process  over  too 
broad  a  region  away  from  the  islands. 


Figure  7.  Model  24  h  forecast  of  relative  humidity  at  the 
lowest  model  level  near  10  m  in  VOCAR  subdomain.  Verify 
time  of  this  forecast  is  1200  UTC  26  Aug  (0400  LI). 


Figure  7  shows  an  example  of  the  model’s  night  time  relative 
humidity  field  at  the  lowest  model  grid  point.  Near  Santa 
Cruz  and  Santa  Rosa  islands  there  is  a  maximum  in  relative 
humidity  associated  with  the  cooling  of  the  islands  below  the 
surrounding  SST.  Thus,  the  model  is  forecasting  conditions 
conducive  to  fog  in  the  vicinity  of  the  islands  at  night.  During 
the  following  afternoon,  Fig.8  shows  a  plume  of  low  relative 
humidity  air  being  carried  from  the  islands  to  the  mainland 
near  Pt.  Mugu.  This  plume  represents  the  internal  boundary 
layer  from  the  island  that  creates  the  surface  layer  ducting. 


Figure  8.  As  in  Figure  7  except  at  00  UTC  27  Aug 
(1600  LT). 

In  Figures  9  and  10  we  show  model  24h  forecast  profiles  of 
potential  temperature  (0y),  specific  humidity  (Q),  and  modified 
refractivity  (M)  at  a  water  point  just  off  the  coast  of  Point 
Mugu.  Figure  9  is  valid  at  the  same  time  as  Fig.7  (0400  LT). 
It  shows  an  unstable  lapse  of  potential  temperature 
immediately  adjacent  to  the  surface,  with  sharp  gradients  in  Q 
and  M  in  the  surface  layer  as  well.  Above  the  surface  layer 
there  is  a  well-mixed  layer  to  a  depth  of  about  150  m,  and 
then  stable  stratification  above  this  height.  Although  the  ABL 
is  quite  shallow,  this  is  a  rather  typical  marine  sounding 
otherwise. 


Figure  9.  Model  24  h  model  forecast  of  virtual  potential 
temperature  (K),  specific  humidity  (g/kg),  and  modified 
refractivity  at  an  ocean  point  near  Pt.  Mugu.  Forecast  verify 
time  is  1200  UTC  26  Aug.  93  (0400  LT). 
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Figure  10.  As  in  Fig.  9  except  at  00  UTC  27  Aug.  93  (1600 
LT),  that  is,  the  same  time  as  Figure  8. 


The  profiles  shown  in  Fig.9  undergo  some  significant  diurnal 
changes  (even  though  they  are  over  water  with  a  constant 
SST)  as  seen  by  the  midaftemoon  values  in  Fig.10.  The 
virtual  potential  temperature  profile  is  stable  near  the  surface 
(air  temperature  greater  than  SST),  and  the  gradients  in  Q  and 
M  are  not  so  tightly  confined  to  the  surface.  Thus,  a 
substantially  stronger  and  deeper  surface  duct  exists  at  this 
time  (1600  LT)  as  the  warm,  dry  air  from  the  nearby  heated 
islands  overruns  the  cooler  SST. 

4.  CONCLUDING  REMARKS 

Mesoscale  processes  in  the  Southern  California  bight  are 
capable  of  significantly  altering  the  refractivity  conditions. 
Divergence  associated  with  the  sea-land  breeze  can  modulate 
marine  ABL  depth,  and  concurrently,  the  height  of  the 
trapping  layer.  Orographically-forced  circulations  above  the 
marine  ABL  also  impact  refractivity  conditions.  Such  flows 
are  driven  by  pressure  gradients  at  levels  above  the  marine 
ABL  that  are  forced  by  mountainous  elevated  heat  sources. 

A  synoptic  low  during  the  VOCAR  IOP  was  forecast  to  aid 
in  deepening  the  ABL  and  to  lift  and  weaken  the  elevated 
trapping  layer.  This  process  is  well  verified  by  the  VOCAR 
data  base.  The  impacts  of  a  mesoscale  eddy  in  the  bight  and 
a  coastal  low-level  jet  upon  the  refractivity  field  are  further 
explored  in  Ref  5. 

Numerical  weather  prediction  has  only  recently  matured  to  the 
point  where  it  is  feasible  to  consider  forecasting  refractive 
variability  on  the  mesoscale.  The  VOCAR  experiment 
provided  an  important  opportunity  to  evaluate  the  strengths 
and  weaknesses  of  our  mesoscale  model  in  a  complex  coastal 
environment  containing  substantial  gradients  in  SST, 
pronounced  orography  extending  to  the  coast,  strong  overland 
diurnal  forcing,  and  a  marine  PBL  stratus  layer  which  is 
highly  variable.  The  model  seems  to  have  performed  well  in 
describing  the  general  trends  in  the  refractivity  field  during 
VOCAR  and  some  of  the  diumally  forced  features.  We  are 
still  investigating,  however,  whether  the  model  can  attain  a 
sufficient  skill  level  to  provide  useful  forecast  fields  to  a  radio 
propagation  code.  Early  results  indicate  that  the  greatest 
difficulty  to  be  overcome  will  be  proper  treatment  of  instances 


when  surface-based  ducting  is  very  marginal.  Under  these 
circumstances  the  model  may  forecast  a  slightly  elevated 
trapping  layer  while  the  verifying  observations  indicate 
surface-based  ducting  (or  vice-versa)  and  this  difference, 
while  small  in  terms  of  meteorological  variables,  can  have  a 
substantial  impact  on  the  propagation. 
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DISCUSSION 


J.  TURTON 

You  mentioned  that  one  of  the  problems  in  the  model  was  the  representation  of  the  inversion 
capping  the  boundary,  and  that  you  had  made  some  progress  in  improving  its  representation  in 
the  model.  What  way  have  you  done  this? 

AUTHOR’S  REPLY 

Yes,  the  model  in  general  tends  to  "smear"  or  diffuse  the  gradients  at  the  top  of  the  boundary 
layer.  There  are  many  processes  in  such  a  complex  model  than  can  act  to  spread  out  such  a 
gradient,  and  very  few  that  tend  to  tighten  the  gradient.  Recently  we  have  tested  slight 
alterations  to  the  model’s  turbulent  length  scale  formulation.  The  goal  is  to  enhance  mixing 
within  the  boundary  layer,  and  to  decrease  the  turbulence  in  the  stable  air  above  the  boundary 
layer.  This  abrupt  change  in  turbulence  in  the  transition  from  the  boundary  layer  to  the  stable 
air  above  seems  to  aid  in  maintaining  the  desired  sharp  gradient. 
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SUMMARY 

Coastal  area  propagation  and  meteorological  measure¬ 
ments  have  been  studied  along  with  atmospheric  me- 
soscale  modeling.  Simultaneous  propagation  data  from 
three  consecutive  links  have  been  compared  with  mea¬ 
sured  and  modeled  meteorological  data  from  a  part  of 
the  Norwegian  coast  at  about  65°  latitude.  The  results 
show  a  close  relationship  between  refractivity  gradi¬ 
ent,  obtained  by  meteorological  data,  and  multipath  ac¬ 
tivity  on  the  links.  The  mesoscale  model  does  also 
give  valuable  information  on  the  spatial  and  diurnal 
time  dependency  of  refractivity  gradients  at  the  vicini¬ 
ty  of  ground  as  well  as  at  various  height  above  the 
ground. 


1.  INTRODUCTION 

On  coastal  paths  multipath  propagation  is  known  to 
usually  be  more  severe  than  compared  with  similar  in¬ 
land  paths.  The  difference  may  be  quite  large.  This 
fact  has  also  been  taken  into  account  in  the  latest  pro¬ 
posed  version  of  Recommendation  530  of  the  Interna¬ 
tional  Telecommunication  Union  (ITU)  that  provides 
prediction  methods  for  multipath  fading  and  enhance¬ 
ment  distribution  [1].  The  methods  predict  10  dB 
more  fading  on  paths  over  large  bodies  of  water.  The 
maritime  climate  clearly  produces  more  often  a  lay¬ 
ered  atmosphere  resulting  in  anomalous  radio  wave 
propagation.  Therefore,  it  is  of  interest  to  more  pre¬ 
cisely  know  how  to  plan  radio  systems  in  the  coastal 
zone,  and  go  from  a  maritime  to  an  inland  climate. 

This  paper  focuses  on  a  particular  coastal  area  in  the 
northern  Norway  at  latitude  of  65°N.  High  mountains 
occur  right  out  to  the  coast  in  some  places  and  there  is 
also  a  fairly  large  glacier  not  far  from  the  coastline.  A 
mesoscale  high  reolution  model  has  been  used  along 
with  meteorological  and  radio  wave  propagation  mea¬ 
surements  for  analyzing  and  interpreting  the  propaga¬ 
tion  results. 

Previous  measurements  indicated  quite  a  large  fading 
activity  [2]  for  an  over  water  path  in  this  region.  The 
period  analyzed  in  this  paper  shows  somewhat  less 
fading,  but  provides  simultaneous  results  from  three 


consecutive  links  in  a  network.  It  has  therefore  been 
of  particular  interest  to  study  the  propagation  and  the 
meteorological  measurements  from  the  same  period 
for  an  area  that  is  larger  than  that  covered  by  only  one 
link. 

First  the  paper  presents  first  some  general  properties 
of  the  coastal  zone.  It  presents  further  the  high  resolu¬ 
tion  meteorological  grid  used  by  the  Norwegian  Mete¬ 
orological  Institute  and  how  this  has  been  employed. 
The  next  section  presents  the  propagation  and  meteoro¬ 
logical  measurements  and  modeling.  These  are  dis¬ 
cussed  and  explanations  sought  for  anomalous  propa¬ 
gation  events.  Some  comparison  of  atmospheric  model¬ 
ing  results  and  direct  measurements  is  also  given. 


2.  COASTAL  ZONE  PROPERTIES 

The  atmospheric  structures  can  be  classified  according  to 
the  magnitude  of  their  cause,  as  given  in  Table  I  [3].  In 
coastal  areas  causes  of  the  macro  scale  are  the  wandering 
cyclones  and  anticyclones  where  the  depression  and  de¬ 
scending  air  following  the  anticyclonic  high  pressures  are 
the  most  serious.  Phenomena  on  the  meso-  and  the  local 
scale  are  typically  the  sea-land  breeze  mechanism  and 
also  the  cold  air  drainage  from  the  elevated  plains  down 
and  outwards  to  the  sea.  Another  advective  effect  on  the 
local  and  micro  scale  is  the  "leading-edge  or  fetch  effect" 
caused  by  a  moving  air  mass  passing  over  the  borderline 
between  two  areas  of  contrasting  surface  properties,  say 
the  shoreline.  As  air  passes  from  one  surface  type  to  a 
new  and  different  surface,  it  must  adjust  to  a  new  set  of 
boundary  conditions.  The  adjustment  is  not  immediate 
throughout  the  depth  of  the  air  layer;  it  is  generated  at  the 
surface  and  diffuses  upward,  thus  creating  an  internal 
boundary  layer  with  a  depth  increasing  with  increasing 
distance  downwind  from  the  border.  It  is  only  in  the  low¬ 
er  10%  of  this  layer  that  the  conditions  are  fully  adjusted 
to  the  properties  of  the  new  surface.  The  remainder  of  the 
layer  is  a  transition  zone  wherein  the  air  is  modified  by 
the  new  surface  but  not  fully  adjusted  to  it.  The  properties 
of  the  air  above  the  internal  boundary  layer  remain  de¬ 
termined  by  upwind  influences  and  not  those  of  the  sur¬ 
face  immediately  beneath.  The  constitution  of  the  coastal 
atmosphere  is  thus  a  product  of  various  processes,  each 
with  characteristic  time  and  length  scales. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  Propagation  Assessment  in 
Coastal  Environments”  held  in  Bremerhaven,  Germany  19-22  September  1994. 
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3.  THE  MESOSCALE  GRID  MODEL 

The  model  used  here  is  a  specialized  version  of  the  op¬ 
erational  weather  forecasting  model  run  by  the  Norwe¬ 
gian  Meteorological  Institute  at  the  Cray  computer  of 
the  University  of  Trondheim. 

The  operational  model  is  a  mesoscale  limited  area 
model  (LAM)  with  a  grid  size  of  50x50  km.  The  anal¬ 
ysis  scheme  is  based  on  a  successive  correction  meth¬ 
od  proposed  by  Bratseth  [4]  and  the  main  features  of 
the  model  are  described  in  for  instance  Grpnas  and 
Hellevik  [5],  Grpnas  and  Midtbp  [6]  and  Nordeng  [7]. 

The  model  used  in  this  paper  is  also  a  LAM  model 
but  with  a  5x5  km  grid  size  and  a  topographical  reso¬ 
lution  of  lxl  kin.  Both  models  have  31  "layers"  in 
height  extending  up  to  100  hPa,  here  restricted  to  the 
lowest  14  layers,  thus  approximately  reaching  about 
10  km  above  the  surface.  The  height  of  the  individual 
layers  will  vary  from  time  to  time  to  ensure  that  the 
hydrostatic  balance  in  the  model  results  are  main¬ 
tained.  In  the  monthly  summaries  the  monthly  mean 
height  is  used  and  it  is  seen  that  the  variation  is  typi¬ 
cal  about  2%  of  the  height  in  concern. 

The  use  of  a  model  of  the  LAM  type  has  the  advan¬ 
tage  that  it  can  be  a  running  operational  model  with 
possible  prognostic  capabilities  also  for  radio-meteoro¬ 
logical  purposes.  The  disadvantage,  however,  is  that 
the  integration  scheme  tends  to  smoothen  out  the  most 
pronounced  discontinuities  in  the  various  meteorologi¬ 
cal  fields;  thus  hiding  the  events  that  can  be  most  in¬ 
teresting  from  a  radiometeorological  point  of  view. 
Another  drawback  is  the  vertical  resolution;  disconti¬ 
nuity  layers  of  only  a  few  meters  can  be  of  critical  im¬ 
portance  for  the  propagation  of  the  electromagnetic 
waves  and  thus  the  field  strength  in  space.  Such  layers 
will  not  be  "detected"  by  a  LAM  model;  to  discover 
such  phenomena  a  pure  boundary  layer  model  should 
be  used.  It  is  expected  that  the  pressure  and  tempera¬ 
ture  fields  are  reasonably  well  modelled,  but  that  a  cer¬ 
tain  amount  of  uncertainty  in  the  humidity  values  ex¬ 
ists. 

However,  the  expectation  of  using  a  LAM  model  is  to 
detect  some  sort  of  spatial  distribution  of  the  atmo¬ 
spheric  refractivity,  and  also  a  point  variation  in  time. 
The  time  variation  is  of  special  interest  since  most  of 
the  observations  of  the  vertical  structure  of  the  atmo¬ 
sphere  are  only  done  twice  a  day  by  radio  sondes  at 
hour  00  and  12  GMT.  It  is  to  be  expected  that  the 
weather  in  transition  from  a  nightly  regime  to  a  day  re¬ 
gime,  or  vice  versa,  could  create  complex  profiles  in 
the  various  meteorological  parameters  both  in  the  verti¬ 
cal  and  the  horizontal  scale.  The  improved  horizontal 
resolution  in  the  model  will  also  be  an  advantage  from 
this  point  of  view. 


4.  PROPAGATION  AND  METEOROLOGICAL 
MEASUREMENTS 

4.1  Meteorological  stations 

There  are  several  synoptic  weather  stations  in  the  area 
under  consideration  observing  the  parameters  required 
for  computation  of  the  surface  refractivity.  Radio¬ 
sondes  are  launched  twice  a  day  from  two  stations  in 
the  area.  A  list  of  these  stations  including  geographi¬ 
cal  coordinates  is  given  in  table  III 

4.2  Propagation  experiment 

Norwegian  Telecom  has  performed  some  measure¬ 
ments  at  the  coast  of  Helgeland  over  the  last  few 
years.  The  links  are  part  of  the  trunk  network  to  pro¬ 
vide  140  Mbit/s.  The  links  operates  in  the  6  GHz  band 
and  the  equipment  uses  16  QAM  modulation,  result¬ 
ing  in  a  radio  bandwidth  of  approximately  35  MHz.  In¬ 
formation  about  these  links  is  summarized  in  Table 
IV.  It  should  be  noted  that  space  diversity  protection 
is  used  for  the  two  longest  links,  and  frequency  diver¬ 
sity  for  the  shortest  one.  The  terrain  profiles  with  the 
main  path  are  shown  in  Fig.  1  on  a  flat  earth  model  (k- 
factor=°°).  All  links  have  large  path  inclination  angles. 
They  are  designed  with  enough  clearance  to  meet  stan¬ 
dard  recommendations  given  by  ITU,  and  reflections 
from  the  surface  of  the  sea  are  not  visible.  However, 
the  specular  reflection  point  on  the  sea  is  seen  from 
one  of  the  terminals  on  the  two  longest  links,  and  the 
blocked  reflection  from  the  sea  could  be  part  of  the 
multipath  propagation  mechanisms.  All  paths  go  over 
a  considerable  amount  of  water,  and  the  longest  path 
in  the  middle  is  almost  entirely  over  water. 

Measured  data  from  the  link  Gulsvagfjell-Munken 
(Transmitter-Receiver)  are  available  for  several  years, 
and  from  parts  of  the  years  1993  and  1994.  Only  1993 
summer  months  were  covered  for  the  link  Asen-Guls- 
vagfjell.  The  measured  distributions  are  based  on  mea¬ 
surements  taken  with  a  sampling  interval  of  0.033  s. 
The  diversity  distribution  is  based  on  a  “hypothetical” 
combiner  selecting  the  strongest  signal  of  the  two  in¬ 
put. 


5.  MEASURED  AND  MODELED  RESULTS 

5.1  Meteorological  synoptic  results 

This  results  is  compiled  in  a  set  of  time  series  for  3 
hours  of  the  day,  06,12  and  18  GMT  where  the  single 
points  are  a  mean  of  the  results  from  all  stations  given 
in  table  II.  The  major  part  of  the  stations  are  situated 
at  the  coast  or  even  at  lighthouses,  only  2  stations  are 
"inland".  A  small  variation  in  the  values  is  to  be  ex¬ 
pected  as  a  consequence  of  the  maritime  climate,  par¬ 
ticularly  at  06  GMT,  as  shown  in  figure  3.  The  greater 
variation  in  the  day  is  mainly  caused  by  the  inland  sta- 
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tions.  Mean  values  for  the  month  are  in  accordance 
with  long  term  values  given  by  Lystad  [8]. 

5.2  Radiosonde  results 

Data  from  the  two  radiosonde  stations  are  interpolated 
in  vertical  100  m  step  and  fig  4  show  the  cumulative 
distribution  of  the  refractivity  gradient  between  selected 
heights.  Clearly  the  special  layered  lower  atmosphere  at 
Bodp  is  pointed  out.  The  results  of  both  stations  are 
comparable  with  curves  and  figures  given  by  Lystad  [8] 
where  for  0rland  the  long-term  gradient  0/100,  and  for 
1993,  month  as  My  is  -93.9  and  -104.5  (N/km)  respec¬ 
tively.  The  same  figures  for  Bod0  are  -127.0  and  -158.1 
(N/km)  indicating  a  little  more  severe  layering  in  1993 
as  in  the  mean  for  the  period  of  1982-1991. 

5.3  LAM  results 

The  LAM  5x5  km  grid  size  model  is  initialized  by  val¬ 
ues  given  by  the  LAM  of  50x50  km  grid  sizes.  For  the 
area  under  consideration  a  main  set  of  grid  values  ex¬ 
tending  from  approximately  Trondheim  in  the  south  to 
the  Lofoten  archipelago  in  the  north  thus  also  covering 
an  area  with  two  radiosonde  stations  were  chosen:  0r- 
land  in  the  south  and  Bod0  in  the  north.  Each  5x5  km 
cell  in  this  area  was  computed.  Interpolated  values  were 
calculated  for  the  geographical  coordinates  of  the  vari¬ 
ous  terminals  of  the  links.  In  addition  the  grid  values 
were  computed  for  0rland  and  Bodp  to  make  a  compari¬ 
son  with  values  from  the  radio  sondes. 

Fig.  5  shows  as  an  example  a  horizontal  contour  plot  of 
the  refractivity  in  the  first  gridlayer  or  approximately  at 
the  ground.  The  contouring  takes  the  fine  mesh  topogra¬ 
phy  into  account.  Rapid  variations  of  refractivity  nor¬ 
mal  to  the  coastline  are  seen  as  a  combined  effect  of 
the  topography  and  the  variation  in  the  meteorological 
fields. 

To  study  the  horizontal  variability  the  refractivity  was 
computed  for  points  about  7  km  west  of  the  radio  link 
terminals  as  well  as  for  points  7  km  east,  to  ensure  that 
the  border  of  neighboring  gridcells  are  passed.  In  addi¬ 
tion  a  line  of  1 10  km  east  of  the  terminals  (about  2  deg. 
longitude)  was  chosen  to  cover  conditions  further  from 
the  coast  in  the  interior  of  the  land.  There  are  therefore 
16  points  in  a  sort  of  a  matrix.  The  points  according  to 
this  scheme  are  denoted  as  (i,j)  where  (1,1)  is  the  point 
or  “station”  leftmost  in  the  upper  row  (northwest)  and 
(4,4)  the  rightmost  point  in  the  lower  row  (southeast), 
see  Table  III.  The  line  of  the  link  will  then  be  (2,j), 
where  j=l  ,4.  The  model  was  initialized  at  hour  00 
GMT  every  day  in  the  period  of  July  1993  and  ran  with 
prognostic  values  for  every  3  hours  in  a  period  of  24 
hours.  The  statistics  were  thus  based  on  a  total  of 
62566  single  values  for  the  point  grid  and  1736  values 
for  the  radio  sonde  stations. 

Fig.  6  shows  a  cross  section  of  the  atmosphere  in  the 
vertical  plane  between  Munken  and  Gulsvagfjell.  Iso¬ 


lines  of  refractivity  are  given  in  N-units  together  with 
the  heights  of  the  various  gridlayers  in  hPa.  It  shows 
clearly  certain  structures  in  the  vertical  refractivity  field 
near  by  Gulsvagfjell.  In  Figs.  7  and  8  are  shown  the 
mean  daily  course  of  the  refractivity  gradients  in  the  de¬ 
fined  subgrid  around  the  links  for  the  two  lowest  grid 
layers.  In  the  first  layer  it  is  a  marked  daily  course  espe¬ 
cially  in  the  minimum  values.  In  the  second  layer  this 
course  is  more  or  less  inverted.  Since  the  atmosphere  is 
heated  from  below  this  seems  reasonable.  The  variation 
inland  (column  4)  is  generally  less  than  the  variation  in 
the  coastal  district. 

5.4  Propagation  results 

Almost  one  year  of  the  measurements  from  1 993  on  the 
link  Guls_Munk  were  presented  in  [9].  The  summer 
months  showed  most  fading  and  enhancement.  Measure¬ 
ments  from  1993  are  available  for  Gjel_Munk  from 
June  to  September,  and  for  Asen-Guls  from  July  to  Sep¬ 
tember.  From  this  period  data  also  exist  on  a  link  from 
Munken  to  Gulsvagfjell,  i.e.  in  the  opposite  direction  to 
the  first  link. 

Data  show  May  to  be  the  worst  month  on  the  link 
Guls_Munk_Main  [9].  No  data  are  available,  however, 
for  May  from  the  two  other  links.  Since  the  fade  depth 
difference  for  July  is  less  than  2  dB  for  the  major  part 
of  the  distribution  compared  with  May,  it  is  considered 
that  July  may  represent  quite  closely  the  worst  month 
this  year  for  all  the  links.  The  other  months  show  less 
fading  than  July,  and  this  is  the  case  for  enhancement 
as  well. 

Time  series  for  July  are  given  in  Fig.  9  for  the  three 
links  Gjelt-Munk,  Guls-Munk  and  Asen-Guls.  It  is  not¬ 
ed  that  data  do  not  exist  from  the  beginning  of  July.  Be¬ 
cause  of  radio  equipment  failure  the  last  few  days  could 
not  be  considered  in  the  analyses  leaving  the  period  un¬ 
der  investigation  to  about  22  days,  including  5th  (4th 
from  Asen)  to  27th  July.  The  the  time  series  plot  points 
out  the  days  with  most  activity,  as  well  as  quiet  peri¬ 
ods.  It  is  noted  that  there  was  multipath  activity  on  the 
16th  for  the  two  most  southern  links,  but  not  so  for  the 
northern  link  (Asen-Guls).  On  the  23rd,  for  example, 
the  two  most  northern  links  were  affected,  but  not  the 
most  southern. 

The  July  fading  and  enhancement  distributions  are 
shown  in  Fig.  10.  In  total  8  distributions  are  presented, 
covering  all  main  and  diversity  protection  channels.  All 
distributions  are  referred  to  their  median  values,  i.e.  0 
dB  for  50%  of  the  period  investigated.  Note  the  differ¬ 
ence  from  the  northern  link  to  the  two  others,  where  the 
northern  and  shortest  link  shows  very  little  activity  and 
the  two  others  show  both  large  fading  and  fairly  large 
enhancements.  Note  also  the  two  distributions 
Guls_Munk_Main  and  Munk_Guls_Main.  These  are 
measured  on  exactly  the  same  link,  but  in  the  two  oppo- 
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site  directions  (one  measured  at  Munken  and  the  other 
at  Gulsvagfjell). 

Measured  improvement  on  the  “theoretical  combined” 
signal  is  shown  as  distributions  in  Fig.  11.  The  im¬ 
provement  I  is  obtained  by  taking  the  percentage  at  a 
certain  level  of  the  main  distribution  and  divide  it  by 
the  percentage  obtained  for  the  combined  distribution 
I=P/Pd.  All  space  diversity  systems  show  large  im¬ 
provement;  for  example  a  10  times  reduction  in  fading 
occurrence  is  obtained  at  20.5,  16.0,  and  12.5  dB  for 
the  links  Guls_Munk,  Munk_GuIs,  and  Gjel_Munk,  re¬ 
spectively. 


6.  DISCUSSION 

6.1  Multipath  and  duct  statistics 

During  1993,  both  Bodp  and  0rland  radiosonde  data 
show  most  surface  based  ducts  in  July  [9].  At  Bodp 
the  duct  intensity  is  largest  in  July,  with  a  mean  of  -9 
M-units  and  a  standard  deviation  of  5.  The  picture  is 
not  as  clear  at  0rland,  where  the  mean  shows  a  some¬ 
what  larger  intensity  during  summer  months  compared 
with  the  rest  of  the  year.  The  duct  height  shows  simi¬ 
larities  with  the  intensity;  for  example  Bod0  shows  a 
clearer  difference  in  height  from  summer  to  winter 
than  does  0rland.  In  July  at  Bodp  some  of  the  most 
extreme  duct  height  values  are  above  200  m  with  a 
mean  height  of  78  m  above  the  station  (20  m  above 
sea),  see  fig.  12.  This  month  also  produces  most  ducts 
and  ducts  with  largest  intensity,  in  fact  almost  every 
ascent  show  a  duct.  Elevated  duct  heights  are  general¬ 
ly  above  1  km  during  the  summer  period. 

The  link  terminal  heights  are  given  in  Table  I.  It  is 
noted  that  Asen  has  the  lowest  height  of  79.5  m  above 
sea  level,  Munken  has  receivers  at  130,  155  and  166 
m,  Gjeltheia  at  590  m,  and  finally  ^  Gulsvagfjell  at 
758.8  and  788.8  m.  This  puts  the  Asen  transmitter 
close  to  the  mean  duct  height  and  transmitters  and  re¬ 
ceiver  at  Munken  are  also  within  the  mean  plus  two 
standard  deviations.  At  Gulsvagfjell  the  transmitters 
and  receivers  are  all  well  above  the  ground-based 
ducts,  and  the  elevated  ducts  are  well  above  the  termi¬ 
nals.  The  large  path  elevation  angles  results  in  a  large 
negative  angle  between  the  direction  of  the  wave  trans¬ 
mitted  and  received  at  Gulsvagfjell  and  the  horizontal. 
The  elevated  ducts  probably  do  not  take  much  part  in 
the  propagation  mechanisms.  It  is  a  similar  case  for 
Gjeltheia.  On  the  other  hand,  at  the  lower  terminals  at 
Munken  and  Asen  the  transmitted  and  received  wave 
front  propagates  more  or  less  in  parallel  with  the  hori¬ 
zontal  surface,  in  particular  at  Munken.  Therefore,  it 
is  likely  that  the  surface  ducts  play  a  role  on  these 
links,  and  the  parts  where  the  radio  wave  interact  with 
the  duct  are  near  the  lowest  terminals. 


Reflection  from  the  surface  of  the  sea  probably  play 
some  active  role  in  creating  deep  multipath  events.  On 
the  link  Guls_Munk_Main,  the  sea  reflection  is 
blocked  only  by  some  meters.  That  means  that  the  lev¬ 
el  seen  from  sea  could  be  only  10  dB  down  from  the 
direct  signal.  However,  the  antenna  pattern  of  the  com¬ 
bined  vertical  offset  receiver  antennas  discriminates 
against  this  point  of  reflection  with  something  close  to 
20  dB.  The  diversity  antenna  10  m  below  the  main 
has  about  10  m  extra  blockage.  The  single  antenna, 
however,  has  a  wider  beam  and  therefore  discrimi¬ 
nates  less  than  for  the  main  against  reflections,  such 
that  the  effect  of  reflection  may  be  comparable  on  the 
two  receivers. 

On  the  link  GjeLMunk,  it  is  mountains  between  the 
transmitter  and  sea  that  blocks  for  sea  reflections.  The 
possible  reflection  area  on  the  sea  is  seen  from  both  re¬ 
ceiver  sites,  and  has,  if  any,  a  comparable  influence. 

6.2  The  LAM  results  versus  soundings 

To  make  a  comparison  of  the  refractivity  values  (it 
seems  more  reasonable  to  compare  the  refractivity  val¬ 
ues  directly  than  make  a  comparison  between  the  pres¬ 
sure,  temperature  or  humidity  since  there  is  no  linear 
dependence  between  the  refractivity  and  these  parame¬ 
ters)  the  heights  in  the  LAM-model  are  determined. 
The  interpolated  values  of  pressure,  temperature  and 
dew  point  temperature  are  then  derived  from  the  radio¬ 
sondes  for  the  same  heights.  Since  the  sounding  can 
report  values  from  a  lot  more  levels,  it  seems  safer  to 
interpolate  the  ascent  from  the  sonde  than  for  the 
LAM  profile  with  only  14  levels  up  to  10  km.  By 
such  a  procedure  two  sets  of  data  are  obtained  at  the 
same  height  level,  one  set  from  the  model  and  one  in¬ 
terpolated  set  from  the  radio  sondes.  The  two  sets  of 
data  can  now  be  compared.  Soundings  from  the  sta¬ 
tions  Bod0  and  0rland  are  made  twice  a  day,  at  00 
and  12  GMT,  and  therefore  there  is  a  possibility  to 
evaluate  the  prognostic  capability  of  LAM  by  compar¬ 
ing  model  data  from  hours  12  and  24  GMT  with  the 
soundings  from  12  and  00  GMT,  respectively.  Look¬ 
ing  at  the  sonde  values  as  the  "real"  description  of  the 
vertical  structure  of  the  atmosphere  Fig.  13  shows  that 
for  monthly  mean  conditions  (July)  LAM  models 
quite  well  the  refractivity. 

Ten  year  means  for  the  total  refractivity  (Nunits)  from 
soundings  at  Bod0  and  0rland,  show  the  following 
values,  Lystad  [8]: 
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0rland 

331.7 

319.0 

309.9 

302.5 

295.4 

284.8 

274.0 

262.9 

252.7 

Bodp 

332.6 

323.2 

314.3 

305.9 

297.9 

286.1 

275.0 

264.1 

253.4 

The  refractivity  depending  on  pressure,  temperature 
and  humidity  is  modeled  within  3%  of  the  long-term 
value  for  the  most  active  height,  the  suface  level  for 
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the  hour  00  GMT;  that  is  when  the  model  is  initial¬ 
ized.  For  prediction  12  hours  ahead  it  is  reasonable 
that  the  model  gives  poorer  results  but  still  the  devia¬ 
tions  are  within  a  few  percent  of  the  long-term  val- 
ue.lt  is  a  little  surprising  that  +24  hour  prediction  give 
better  results.  A  possible  explanation  may  be  that  this 
is  midnight,  and  since  the  variation  in  the  night  weath¬ 
er  regime  is  less  than  during  the  day  in  coastal  areas, 
it  can  be  possible  to  get  better  results  than  for  the  +12 
hour  prediction.  Note  also  that  0rland  has  better  mod¬ 
el  results  than  Bod0,  the  explanation  being  the  rather 
special  local  atmospheric  structure  at  Bod0  (Lystad 
[8]). 

As  expected  the  dry  term  of  the  refractivity,  depend¬ 
ing  on  pressure  and  temperature,  is  better  modelled 
(rather  smooth  meteorological  fields)  than  the  wet 
term  depending  on  the  humidity.  The  dry  term  is 
slightly  underestimated,  the  wet  term  overestimated  by 
an  order  of  magnitude.  It  is  therefore  tempting  to  look 
for  a  direct  relation  between  the  refractivity  values 
from  the  radio  sonde  and  from  LAM.  In  Fig.  14  is 
shown  an  example  of  a  scatter-plot  of  the  N-values  by 
the  interpolated  values  from  the  sonde  and  from  the 
LAM  model  at  the  height  70  m.  This  indicates  some 
sort  of  a  linear  relationship  and  a  simple  linear  regres¬ 
sion  gives  the  correlation  coefficients  as  a  function  of 
height  for  the  two  radiosonde  stations  sites,  see  Fig. 
15. 

As  expected,  the  more  well-mixed  structure  at  0rland 
gives  better  results  in  modelling  than  for  the  layered 
structures  above  Bod0.  Here  the  correlation  is  almost 
nil  in  the  lowest  layer  at  hour  00  GMT,  but  improves 
as  the  height  increases.  For  the  prediction  12  hours 
ahead,  the  correlation  is  still  almost  nil  and  even 
slightly  negative  up  to  about  2500  m  above  ground. 
This  could  be  evidence  of  the  mentioned  special  atmo¬ 
spheric  layering  at  Bod0.  while  more  reasonable  corre¬ 
lations  for  0rland  point  to  more  "standard"  atmospher¬ 
ic  conditions. 

6.3  Fade  depth  distributions 

Looking  at  the  fade  depth  distributions  given  in  Fig. 
10  there  are  several  points  to  discuss.  The  distribu¬ 
tions  deviate  systematically  from  a  Rayleigh  slope  of 
10  dB  per  decade  at  large  fade  depths.  This  is  proba¬ 
bly  due  the  bandwidth  of  the  system,  with  frequency 
selective  fading  averaging  over  the  receiver  frequency 
band.  This  may  at  least  be  the  case  for  relatively  long 
delays,  for  example  10  ns  or  longer,  which  is  to  be  ex¬ 
pected  from  blocked  and  diffracted  sea  reflections. 
However,  between  15  and  25  dB  the  process  seems  to 
follow  a  Rayleigh  distribution  and  it  this  part  of  the 
distributions  that  should  be  studied  in  the  context  of 
multipath  occurrence. 

The  Asen_Guls  path  show  considerably  less  fading 
than  the  two  others,  and  less  that  expected.  There  are, 


however,  some  points  that  may  give  reduced  multi- 
path  activity  on  this  path.  It  is  the  shortest  link  and 
have  the  largest  elevation  angle.  This  will  normally  re¬ 
sult  in  less  activity,  but  perhaps  not  as  much  as  given 
by  Fig.  10.  A  third  reason  for  less  activity  is  reduced 
influence  of  a  possible  sea  reflection,  since  the  block¬ 
age  between  Asen  and  point  on  see  for  a  specular  re¬ 
flection  is  much  larger  than  for  the  two  other  links. 

The  links  Gul_Mun_Main  and  Mun_Guls_Main  em¬ 
ploy  the  same  antennas  at  both  ends  and  the  radio 
wave  should  propagate  through  the  same  part  of  the  at¬ 
mosphere,  obeying  the  reciprocity  principle.  However, 
the  fade  depth  statistics  do  show  a  significant  differ¬ 
ence  at  least  at  large  fade  depths.  It  is  unlikely  that  in¬ 
correct  calibration  of  the  equipment  is  the  cause.  One 
source  of  differences  are  antenna  alignments  and  radia¬ 
tion  patterns.  In  this  particular  case  two  antennas  are 
combined  at  each  of  the  ends.  At  Munken  these  anten¬ 
nas  are  mounted  such  that  there  is  a  vertical  offset  of 
2.2  m;  at  Gulsvagfjell  there  is  no  vertical  offset.  A  ver¬ 
tical  separation  would  cause  the  combined  pattern  to 
be  narrower  in  elevation  angle  than  for  one  single  an¬ 
tenna  or  if  the  combination  is  with  no  vertical  separa¬ 
tion.  Furthermore,  the  surface-reflected  signal  would 
arrive  at  a  larger  offset  angle  at  the  lowest  terminal, 
i.e.  Munken.  The  antennas  at  Munken  have  a  narrower 
beam  and  sea  reflection  arrive  at  a  larger  angle  than  at 
Gulsvagfjell.  Both  of  these  will  independently  reduce 
fading  due  to  sea  reflections,  and  consequently  the 
amount  of  fading  at  Munken  if  sea  reflection  is  a  ma¬ 
jor  cause. 

A  third  explanation  has  to  be  sought,  such  as  propaga¬ 
tion  through  an  atmospheric  layer  from  above  and 
from  below.  Ray  tracing  calculations  through  the  atmo¬ 
sphere  using  only  measured  refractivity  over  Bod0  on 
the  16/7  at  12  hours,  and  assuming  no  horizontal  gradi¬ 
ents  in  N,  show  11  dB  fade  depth  at  Munken  and  7 
dB  at  Gulsvagfjell.  With  another  position  of  the  layer 
it  would  be  possible  to  get  larger  differences.  Consid¬ 
ering  only  the  atmospheric  part,  a  duct  may  result  in  a 
larger  fade  depth  at  Munken  than  at  Gulsvagfjell.  If 
see  reflections  of  comparable  amplitudes  are  present 
the  result  could  be  deep  fading  which  would  occur 
more  often  at  Munken. 

Space  diversity  are  employed  at  both  Munken  and 
Gulsvagfjell.  All  space  diversity  path  show  generally 
more  fading  than  the  main  paths.  The  space  diversity 
antennas  are  lower  than  the  main  antennas.  Since  the 
occurrence  of  ducts  is  higher  at  a  lower  point  at 
Munken  it  might  be  expected  that  the  space  diversity 
path  show  more  activity.  Since  these  paths  employ 
only  a  single  antenna,  they  have  consequently  a  larger 
antenna  beam  that  the  main  links,  and  more  of  sea  re¬ 
flection  effects  would  be  seen.  At  Gulsvagfjell  the 
space  protection  antenna  has  got  little  clearance  and 
may  be  obstructed  under  sub-refractive  conditions. 
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The  results  from  diversity  improvement  on  the  longest 
links  follow  what  is  to  be  expected  from  analog  links, 
i.e.  the  larger  the  spacing  the  larger  the  improvement. 
In  one  direction  the  spacing  is  10  m,  and  in  the  other 
it  is  30  m.  However,  the  shorter  73.3  km  link  of  Gjel- 
Munk  shows  significantly  larger  improvement  factor 
that  the  93.8  km  links.  This  is  also,  to  some  extent, 
predicted  by  the  ITU-R  method  [10]. 

6.3  LAM  versus  propagation 

Propagation  conditions  on  the  links  are  recorded  as 
time  series  at  the  link  terminals,  see  Fig  9.  Recogniz¬ 
ing  gradient  values  of  the  refractivity  less  than  -100  N/ 
km  as  an  indication  of  possible  propagation  problems, 
a  computation  of  the  gradients  as  time  series  in  the 
three  lowest  layers  of  the  LAM  "ascent"  for  all  the 
points  (2,j)  can  be  compared  to  the  above  mentioned 
time  series.  In  Fig.  16  are  shown  the  gradients  ob¬ 
tained  between  the  first  two  grid  heights.  The  behav¬ 
ior  of  the  curves  shows  a  striking  similarity  with  Fig. 
9,  the  days  15,  16  standing  out  clearly  and  also  the  pe¬ 
riod  around  the  21th.  This  shows  a  certain  capability 
of  the  LAM  model  to  predict  periods  of  bad  propaga¬ 
tion  conditions  in  spite  of  the  smoothing  effect  that  is 
included  in  this  type  of  model. 


7.  CONCLUSIONS 

Results  from  simulation  of  the  atmospheric  refractivity 
conditions  by  means  of  a  LAM  model  is  in  good 
agreement  with  the  "reality"  represented  by  the  radio¬ 
sondes.  The  use  of  a  high  horizontal  resolution  of  5 
km  combined  with  a  topographical  resolution  of  1  km 
gives  a  fairly  good  description  of  space  variability  of 
the  refractivity.  The  variation  in  time  seems  also  rath¬ 
er  well  taken  into  account  by  the  3  hour  integration 
span  in  time.  However  by  a  full  data  assimilation  and 
initializing  the  model  as  often  as  possible  (not  only  pr 
24  hour)  it  could  be  expected  even  better  results.  The 
results  show  also  that  the  daily  course  of  the  refractivi¬ 
ty  computed  by  the  model  varies  reasonably  both  in 
vertical  and  horizontal  scale  and  that  the  model  has  a 
certain  capability  even  to  predict  anomalous  propaga¬ 
tion  conditions.  The  computation  of  the  refractivity 
gradient  by  means  of  the  model  values  explains  also 
observed  multipath  conditions.  The  possible  interpola¬ 
tion  in  space  and  time  by  means  of  the  grid  values 
from  the  model  seems  then  to  be  a  useful  tool  in  de¬ 
scribing  radiometeorological  conditions  even  in  such  a 
complex  atmosphere  as  that  belonging  to  coastal  areas. 
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Table  I:  Atmospheric  structures 


type 

length  scale  (m) 
horizontal  and  vertical 

time 

scale 

micro 

10'2-  103 

10-3-  10 

min/h 

local 

102  -  5104 

h/day 

meso 

week 

macro 

© 

© 

QO 

week  -> 

Table  II:  Synoptic  surface  and  radiosonde  stations, 
with  int.(international  number)  and  nat.  (national 
number)  with  latitude,  longitude  and  height  above 
mean  sea  level 


Int. 

no 

Nat 

no. 

Name 

Lat. 

Lon. 

H 

Synoptic  stations 

1228 

6594 

Sula 

63.85 

8.467 

13 

1241 

7155 

0rland  III 

63.7 

9.6 

9 

1240 

7155 

Hal  ten 

64.167 

9.417 

16 

1134 

7199 

Majavatn  III 

65.183 

13.417 

339 

1280 

7210 

Namdalseid 

64.25 

11.2 

86 

1295 

7362 

Harran 

64.583 

12.533 

118 

1102 

7555 

Sklinna  fyr 

65.2 

11.0 

23 

1149 

7953 

Rana- 

Basmoen 

66.333 

14.1 

40 

1115 

8061 

Myken 

66.75 

12.483 

17 

1115 

8061 

Bodp  VI 

67.267 

14.367 

11 

Radiosonde  stations 

1241 

7155 

0rland  IB 

63.7 

9.6 

10 

1152 

8229 

Bodp  VI 

67.267 

14.7 

8 

Table  III:  Matrix  for  study  of  LAM  results  (Matrix 
position-(i,j),  link  stations  (for  i=2),  geographical 
latitude  and  longitude,  station  height  (m)  (for  i=2), 
and  model  height  (m)) 


(U) 

(2,1) 

(3,1) 

(4,1) 

Asen 

66.017 

66.017 

66.017 

12.5 

12.617 

12.733 

14.617 

60 

164 

208 

232 

(1,2) 

(2,2) 

(3,2) 

(4,2) 

Gulsvagfjell 

65.65 

65.65 

65.65 

65.65 

11.717 

11.833 

11.95 

13.833 

728 

117 

207 

136 

633 

(1,3) 

(2,3) 

(3,3) 

(4,3) 

Munken 

64.85 

64.85 

64.85 

64.85 

11.083 

11.2 

11.317 

13.2 

91 

22 

79 

357 

626 

(1,4) 

(2,4) 

(3,4) 

(4,4) 

Gjeltheia 

64.267 

64.267 

64.267 

64.267 

10.417 

10.533 

10.65 

12.533 

519 

232 

319 

356 

349 

Table  IV:  Radio  link  characteristics 


Gjeltheia 

Munken 

Gulsvagfjell 

Asen 

Geographical  coordinates 

10.5328  E 
64.2611  N 

11.2078  E 
64.8539  N 

11.8300  E 
65.6572  N 

12.6281  E 
66.0186  N 

Transmitter  (T)  or  Receiver  (R) 

T 

R 

R/T 

T/R 

R 

T 

Path  length  (km) 

73.3 

93.8 

54.1 

Frequency  (GHz)  and  polarization,  main/freq 

6.80  V 

6.54  V/6.80  V 

Approximate  bandwidth  (MHz) 

35 

35 

35 

Height  (m)  of  terminal  groundlevel  above  sea 

519 

91 

728 

Antenna  height  (m)  above  ground,  main/space 

71.0 

41.6 

19.5 

Antenna  diameter  (m) 

3/7^ 

mm 

mu 

3.7 

3.7 

Two  of  these  antennas  are  connected  in  parallel  (beside  each  other)  to  achieve  larger  margin 


N-Radiosonde 
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■s 

2 

N 

z 

■D 


dN/dz  between  first  and  second  grid  height 


Time  of  the  day 

Fig.  7.  dN/dz  obtained  from  the  first  and  second  grid  height  of  LAM  for  the  defined  sub-grid  in  Table  III 
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Fig.  8.  dN/dz  obtained  from  second  and  third  grid  height  of  LAM  for  the  defined  sub-grid  in  Table  III 
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DISCUSSION 

W.  OLSEN 

What  was  the  synoptic  pattern  during  the  anomalous  refractive  period,  (19-23  Jul  I  think)  during 
which  the  LAM  5  output  also  showed  the  pronounced  dN/dz  correlating  to  signal  reduction? 

AUTHOR’S  REPLY 

For  the  month,  the  weather  was  mainly  anticyclonic  with  dry,  warm  air  emerging  from  east. 
Temperatures  for  the  month  were  well  above  normal  for  the  whole  month.  For  the  mentioned 
days  we  plan  to  produce  the  relevant  weather  maps  (S.  Lystad)  and  give  the  information  in 
future  publications. 

C.R.  PHILBRICK 

Could  you  and  the  previous  author,  Dr.  Burk,  please  elaborate  on  the  future  direction  for  the 
mesoscale  models?  It  is  obvious  that  the  future  useful  tool  is  the  combination  of  measurements 
and  models;  what  is  needed  to  advance  the  data  assimilation  mesoscale  models?  more  layers? 
different  grid?  particular  data? 

AUTHORS’  REPLY 

T.  TJELTA: 

Better  parameterization  of  the  active  surface  layer  (i.e.  moisture  sources  and  transport)  together 
with  a  "manageable"  increase  in  low  level  layers  and  inclusion  of  better  topographic  information 
would  improve  results,  but  this  is  surely  dependent  on  the  amount  of  data  for 
initialization/assimilation . 

S.  BURK: 

In  complex  forecast  systems  such  as  these,  one  must  always  seek  the  "weakest  link"  and  attempt 
to  make  improvements  there.  Based  on  our  VOCAR  experimental  results,  it  is  my  feeling  that 
the  weakest  link  in  our  mesoscale  model  (in  so  far  as  refractivity  forecasting  is  concerned)  is  the 
need  for  a  better  analysis  of  the  moisture  field.  Moisture  tends  to  be  a  highly  structured  3-D 
field  which  is  only  poorly  sampled.  Therefore,  there  is  the  need  for  better  initialization 
techniques  and  to  improve  the  extraction  of  moisture  fields  from  satellite  observations,  etc. 

U.  LAMMERS 

Did  you  imply  in  your  paper  that  the  observed  multi-path  propagation  on  the  long  links  was 
likely  due  to  surface  reflection?  Using  a  vertically  scanning  receive  beam  of  .15°  half  power 
width,  we  observed  multiple  beams  on  a  100  km  reflectively  perturbed  line-of-sight  path  which 
definitely  originated  in  the  atmosphere,  not  on  the  mountainous,  rough  terrain  below. 

AUTHOR’S  REPLY 

I  believe  we  see  a  combined  atmospheric  and  ground  reflection  effect.  The  atmospheric  duct 
creates  a  condition  for  deep  fading  allowing  blocked  sea-reflections  to  have  an  influence.  On 
the  northern  link,  Asen  to  Gulsvaagfjell,  we  observe  less  fading  activity.  If  atmospheric  multi- 
path  dominated  we  would  have  seen  more  activity  on  this  link  than  actually  observed. 
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A  MICROWAVE  PROPAGATION  MODEL  COUPLED  TO  AN  AIR  MASS  TRANSFORMATION  MODEL 


G.E.  Grancli n 

Military  Weather  Service 
Swedish  Air  Force  Headquarter 
S- 107  95  Stockholm,  SWEDEN 


SUMMARY 

Since  1985  a  project  in  order  to  improve  microwave 
propagation  forecasts  has  been  run  in  the  Swedish 
Military  Weather  Service.  The  purpose  has  been  to 
test  if  there  are  computer-based  models  that  are 
more  useful  than  earlier  manual  methods.'  Until  now 
two  different  kinds  of  models  have  been  tested: 

The  first  one  is  a  simple  refractive  index  model 
for  use  on  board  warships.  The  second  kind  of  model 
is  a  refractive  index  model  coupled  to  a  one¬ 
dimensional  boundary  layer  model  connected  to  a 
horizontal  trajectory  in  order  to  describe 
horizontal  advection. 

The  result  is  presented  by  ray  tracing  diagrams  in 
order  to  give  advices  for  tactical  descisions  at 
military  aircrafts,  warships  and  radar  stations. 
Experiments  with  those  two  models  have  been  made 
mainly  over  the  Baltic  Sea.  During  1987-1992  the 
"simple"  model  was  tested  on  board  a  warship. 

During  the  same  period  the  other  model  was  tested 
on  nine  sites  in  Sweden.  There  have  been  three 
"intense”  periods  where  extra  efforts  in  personel , 
measurements  and  verifications  were  made. 

The  experiments  showed  that  computer-based  radar 
range  forecasts  are  only  usable  in  the  Baltic  Sea 
If: 

A.  There  is  input  data  with  high  quality 

B.  The  weather  situation  is  homogeneous 

C.  The  operators  are  educated 


1.  INTRODUCTION 

The  Baltic  Sea  is  a  very  important  sea  for  Sweden. 
It  was  and  is  still  very  important  for  Sweden  from 
mi  1 itarv  point  of  view.  Of  special  interest  for  us 
is  of  course  to  measure  and  predict  the  microwave 
propagation  conditions  over  the  Baltic  Sea  both  for 
some  hours  and  for  some  days  ahead. 

Since  1985  a  project  in  order  to  improve  microwave 
propagation  forecasts  has  been  run  in  the  Swedish 
Military  Weather  Service.  The  pupose  has  been  to 
test  if  there  are  computer-based  models  that  are 
more  useful  than  earlier  manual  methods.  The 
project  was  preceded  by  a  study  directed  by  Edvard 
Karlsson,  National  Defence  Research  Institute. 

Among  other  models  he  studied  the  IREPS  developed 
at  NOSC  in  San  Diego. 

Until  now  two  different  kinds  of  models  have  been 
tested:  The  first  one  is  a  simple  refractive  index 
model  for  use  on  board  warships.  The  radar  range 
conditions  in  this  model  are  calculated  from 
parameters  measured  only  on  board  the  warship.  The 
second  kind  of  model  is  a  refractive  index  model 
coupled  to  a  one-dimensional  boundary  layer  model. 
This  model  is  a  type  of  an  air  mass  transformation 
model  since  it  is  connected  to  a  horizontal 


trajectory  in  order  to  describe  horizontal 
advection.  The  input  data  is  from  radiosoundings 
both  ordinary  and  low  level. 

The  results  from  the  models  are  presented  by  ray 
tracing  diagrams  for  illustrating  wave  propagation 
in  the  troposphere  with  different  kinds  of  ducts. 
The  purpose  is  to  give  advices  for  tactical 
descisions  at  military  aircrafts,  warships,  and 
radar  stations  (however,  the  first  kind  of  model  is 
intended  only  for  local  use  on  board  warships). 

Experiments  with  the  two  models  have  been  made 
mainly  over  the  Baltic  Sea.  During  1987  -  1992  the 
"local”  model  was  tested  on  board  a  warship.  During 
the  period  the  other  model  has  been  tested  on  nine 
sites  in  Sweden.  There  have  been  three  "intense” 
periods  (October  1987,  May  1989,  and  May  1992) 
where  extra  efforts  in  personel,  measurements  and 
verifications  were  made. 

A  summary  of  model  descriptions,  experiments,  and 
results  follows  here. 

2.  MODFI  OFSCRTPTIONS .  EXPERIMENTS.  AND  RESULTS 

2.1  local  refractive  index  model 

The  refractive  index  model  for  use  on  board  has 
been  developed  to  compute  refractive  index,  ducts 
and  microwave  propagation.  The  calculations  are 
based  on  measurements  of  sea  surface  temperature, 
air  temperature,  air  humidity,  and  wind  velocity 
on  board  the  ship  (see  figure  1).  The  variations 
of  the  meteorological  variables  vs  height  are 
calculated  with  profile  functions  for  a 
horizontally  homogeneous,  stationary  surface 
layer  of  the  atmosphere.  Then  the  refractive 
index  can  be  calculated  and  the  "duct  situation" 
can  be  evaluated. 

Thus  the  only  measured  data  are  from  the  ship  with 
maximum  15  meters  height.  To  assume  values  for  the 
atmosphere  above,  profile  functions  are  used. 
Although  they  are  only  intended  to  be  used  in  the 
surface  layer  they  are  also  used  for  altitudes 
above  it,  sometimes  for  the  whole  boundary  layer! 
The  profile  of  the  refractive  index  is  estimated 
according  to  Davidson.  The  result  is  presented  by  a 
ray  tracing  diagram  (figure  2)  and  a  relative  range 
percent  number  which  is  equal  to  calculated  present 
radar  range  divided  by  normal  radar  range. 

The  model  was  programed  in  a  PC  on  board  a  warship. 
Input  data  were  taken  from  the  measuring  equipment 
on  board  the  ship.  The  model  was  run  daily  often 
every  hour  or  sometimes  every  10  minutes.  The 
calculated  radar  range  at  15  meters  height  was 
compared  with  the  observed  range.  The  observed 
range  was  estimated  from  known  distances  to  other 
ships,  aircrafts,  island,  and  coastlines.  Motes 
were  made  about  calculated  or  observed  duct  layers, 
different  results  in  different  directions  from  the 
warship  and  about  the  weather  situations. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  “Propagation  Assessment  in 
Coastal  Environments"  held  in  Bremenhaven,  Geimany  19-22  September  1994. 
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Observed 
radar 
range  (%) 

Estimated  radar  range  (%) 

Total 

number 

of 

cases 

% 

"passed" 

results 

<  80% 

90-140% 

>  150% 

<  80% 

3 

5 

0 

8 

38 

90  -  140% 

9 

45 

8 

62 

73 

>  150% 

2 

20 

57 

79 

72 

SUM  149 


70  (average) 


Table  1.  Verification  of  a  local  refraction  index  model. 
The  table  shows  number  of  verified  cases  from 
experiments  at  the  Baltic  Sea  1987  -  1988. 


The  warship  operated  in  the  Baltic  Sea  during  the 
tests  that  were  made  during  the  summer  half  years 
or  1987  and  1988  respectively.  See  results  in 
table  1!  The  results  show  in  average  70  %  "good" 
agreement  between  the  predicted  and  the  observed 
ranges.  But  the  results  are  bad  at  sub-refraction 
cases  although  the  total  number  of  such  cases  are 
rather  few.  Still  we  have  decided  to  let  this  model 
pass  to  be  in  operational  run  because  the  long 
radar  range  situations  are  the  most  interesting 
ones  for  us. 


2.2  The  1 -dimensional  boundary  layer  model  along  a 

trajectory 

A  one-dimensional  boundary  layer  model  (BLM)  is 
assumed  to  be  moved  along  a  trajectory.  The  air 
column  moves  at  the  same  speed  as  the  wind  velocity 
at  the  height  where  the  turbulence  is  most  intense. 
The  BLM  is  a  K-model  with  30  vertical  grid  points 
and  the  top  level  is  about  2000  meters  (figure  3). 


Figure  3.  The  air  column  ( 1 - d i mens i onal  model)  is  moved  along  a  trajectory. 
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A  refractive  index  model  is  coupled  to  the  BLM  so 
it  is  possible  to  estimate  the  profiles  of  the 
refractive  index  along  trajectories  over  for 
example  the  Baltic  Sea.  With  a  ray  tracing  model  it 
is  then  possible  to  show  the  microwave  propagation 
pattern  from  arbitrary  radar  antenna  altitudes.  The 
input  data  is  taken  from  a  suitable  radiosounding 
station  or  from  low  level  radiosoundings  especially 
run  for  the  microwave  propagation  project. 

This  model  has  been  used  in  a  test  system  that  was 
run  at  9  sites  1986-1993.  From  these  9  sites  that 
were  regional  weather  centrals  or  air  bases  it  was 
possible  to  run  the  model  with  suitable 
radiosoundings  as  input  data.  The  result  was 
presented  as  ray  tracing  diagrams  where  the  antenna 
height  could  be  chosen. 

The  system  was  gradually  built  up  and  incresed 
after  the  start  1986  but  it  is  still  not  in 
operational  use.  However,  the  pupose  of  the  test 
system  has  been  to  provide  basis  to  a  future 
operational  system  and  to  gather  experiences.  The 
people  at  the  sites  (meteorologists)  were 
instructed  to  make  verifications  continuously.  The 
verifications  were  made  with  aircrafts,  warships 
and  radar  sites  at  the  ground  and  often  at  the 
coast. 

We  had  three  "intense"  periods  where  people  and 
equipments  were  mobilized.  Then  different  types  of 
flights  were  made  with  for  example  "Viggen"  recce 
aircrafts.  Figure  4  shows  results  from  "diagram 
flights"  one  day  over  the  Baltic  Sea  and  a 
comparison  with  a  ray  tracing  diagram  (some  data  is 
missing  to  make  this  paper  not  classified). 

Details  from  the  results  are  classified  but  as  a 
whole  the  results  show  that  the  1-dimensinal  BLM 
along  a  trajectory  is  meaningful  to  use  0-6  hours 
ahead  over  the  Baltic  Sea.  Some  improvements  have 


to  be  done  before  the  operational  start  of  this 
system  in  1995.  For  example  the  vertical  grid  will 
be  made  more  course  and  it  will  be  possible  to  take 
input  data  NWP  (numerical  weather  predictions),  for 
example  mesoscale  models. 

3.  CONCLUSIONS 

Obviously,  making  radar  range  forecast  is  a  very 
difficult  problem.  The  risk  is  that  they  often  can 
be  more  misleading  than  useful.  One  reason  is  that 
the  atmosphere  is  inhomogeneos  both  in  space  and 
time.  For  example  duct  layers  are  very  sensitve  to 
that.  Another  reason  is  of  course  lack  of 
appropriate  input  data. 

Therefore  we  have  stated: 

The  experiments  showed  that  combuter-based  radar 
range  forecasts  are  only  usable  in  the  Baltic  Sea 
If: 

A.  There  is  input  data  with  high  quality 

B.  The  weather  situation  in  the  actual  area  is 
homogenous  enough 

C.  The  operators  are  educated  enough  in  using  radar 
range  forecasts 

4.  PLANS 

The  local  refractive  model  is  alresdy  in 
operational  use  at  warships  in  Sweden.  Now  there 
are  3  equipments  and  the  plan  is  to  obtain  one 
equipment  to  every  surface  warship  squadron. 

As  I  said,  the  1-dimensional  BLM  along  a  trajectory 
with  the  ray  tracing  model  is  planned  to  be  in 
operational  use  in  1995.  Further  on  we  plan  to 
incorporate  an  improved  presentation  model,  for 
example  based  on  Parabolic  Equation  Models. 


Figure  4.  Comparison  between  the  result  from  a  ray  tracing  diagram  and 
the  observed  positions  of  aircrafts  from  a  radar  site  on  the  ground. 
The  horizontal  lines  mean  positions  where  the  aircrafts  were  seen  from 
the  radar  site. 
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DISCUSSION 


D.  DOCKERY 

Did  radiosonde  measurements  indicate  subrefractive  conditions  during  those  cases  when  the  radar 
range  was  over  estimated? 

AUTHOR’S  REPLY 

Unfortunately  I  cannot  answer  that  question  because  we  have  concentrated  our  studies  on  super- 
refraction.  As  I  said,  the  verifications  from  the  local  refractive  index  model  at  warships  showed 
bad  agreement  of  observed-calculated  radar  range  at  sub-refraction  cases  (but  no  radiosondes 
were  used  here). 
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Climatic  Mapping  of  Refractivity  Parameters  from  Radiosonde  Data 


K.H.  Craig  and  T.G.  Hayton 

Radio  Communications  Research  Unit 
Rutherford  Appleton  Laboratory 
Chilton,  Didcot,  0X11  OQX 


U.K. 


SUMMARY 

Global  maps  of  super-refraction  and  duct  statistics  based 
on  the  analysis  of  radiosonde  data  have,  for  many  years, 
been  used  to  characterise  the  effects  of  climate  in 
statistical  radiowave  propagation  models.  This  paper 
describes  a  new  analysis  based  on  a  more  recent  and 
more  extensive  dataset. 

The  sources  of  radiosonde  data  and  our  data  reduction 
and  validation  strategy  are  discussed,  and  the  statistical 
parameters  of  interest  for  super-refracting  and  ducting 
layer  statistics  are  introduced.  Contour  maps  of  these 
parameters  are  given  for  the  European  region; 
comparisons  with  earlier  data  highlight  some  of  the 
problems  involved  in  this  type  of  study.  Comparisons  of 
high  and  low  resolution  data  analyses  for  the  coastal  site 
of  Hemsby  in  the  UK  are  made,  and  the  influence  of  the 
boundary  layer  on  surface  duct  statistics  discussed. 
Some  conclusions  are  drawn  on  the  usefulness  of 
radiosonde  data  for  the  mapping  of  refractivity 
parameters. 

1  INTRODUCTION 

Climatic  mapping  of  refractivity  parameters  based  on 
radiosonde  ascents  was  first  done  by  Bean  et  al  [1]  in 
the  1960s.  This  study  involved  112  radiosonde  stations 
with  a  time  span  of  5  years  (with  only  4  months  from 
each  year  included).  The  results  of  this  study  still  form 
the  basis  of  the  recommended  prediction  procedures  for 
line-of-sight  paths  [2]  and  for  interference  between 
terrestrial  stations  [3]  made  by  the  International 
Telecommunication  Union  for  civil  communications. 

A  more  extensive  study  of  surface,  super-refracting  layer 
and  ducting  statistics  based  on  5  years  of  data  (all 
calendar  months)  from  over  900  stations  was  carried  out 
in  the  late  1970s  by  L.N.  Ortenburger  of  GTE 
Sylvania  [4]  for  the  US  DoD.  The  Sylvania  data  was 
used  to  provide  a  historical  electromagnetic  propagation 
condition  database  for  the  US  Navy  [5], 

The  authors  have  recently  begun  a  fresh  statistical 
analysis  based  on  more  recent  and  more  extensive 
radiosonde  data  in  order  to  investigate  and  map 
physically-based  refractivity  parameters  representative 
of  the  atmosphere  during  anomalous  propagation 


conditions.  Although  the  maps  will  be  of  interest  in  their 
own  right,  the  longer  term  aim  is  to  incorporate  these 
parameters  in  statistical  propagation  models  in  order  to 
represent  the  effects  of  climate  on  propagation.  This 
stage  will  involve  validation  against  radio  link  data.  We 
are  interested  both  in  global  climatology,  and  also  in 
such  regional,  microclimatological  factors  as  orographic 
and  coastal  effects. 

In  this  paper,  preliminary  results  are  reported.  In  a  study 
of  this  kind,  much  of  the  work  involves  data  reduction, 
selection  and  validation,  and  some  of  the  methods  used, 
and  problems  encountered  will  be  discussed.  The 
difficulties  involved  in  using  radiosonde  data  to  deduce 
refractivity  statistics  (for  example,  sensor  time  lags  and 
acclimatisation)  are  well  known,  at  least  qualitatively;  in 
this  study,  we  have  attempted  to  quantify  some  of  these 
by  comparing  statistics  based  on  high  resolution  “raw” 
radiosonde  data,  as  well  as  on  the  low  resolution  data 
obtained  from  the  global  network  of  upper  air  sounding 
stations. 

2  RADIOSONDE  DATA  SOURCES 

The  study  is  concerned  with  statistics  of  the  radio 
refractivity  A,  or  of  the  modified  refractivity  M,  and 
their  vertical  gradients.  The  requirement  is  therefore  for 
profiles  of  A  or  M  against  height  at  representative 
locations  and  times  around  the  world. 

A  given  by  the  well-known  formula: 

A  =  77.6-  + 3.73x10 54r  (1) 

T  T 2 

where  P  is  the  total  atmospheric  pressure  (hPa),  T  is  the 
absolute  temperature  (K)  and  e  is  the  water  vapour 
pressure  (hPa).  M  is  simply  derived  from  A  at  a  height  h 
(m)  above  the  ground  (or  relative  to  sea  level)  by: 

M  =  A  +  0.157/!  (2) 

Direct  sensing  of  pressure,  temperature  and  water 
vapour  pressure  (or  an  equivalent  humidity  parameter) 
profiles  is  routinely  carried  out  by  means  of  radiosonde 
balloon  ascents. 


Paper  presented  at  the  Sensor  and  Propagation  Panel  Symposium  on  "Propagation  Assessment  in 
Coastal  Environments ”  held  in  Bremerhaven,  Gennany  19-22  September  1994. 
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Level 

Pressure 

(hPa) 

Geopotential 

height 

(m) 

Temperature 

(C) 

Dew  point 
depression 
(C) 

Wind 

direction 

(deg) 

Wind 

speed 

(kts) 

Quality 

marks 

1 

1003.0 

99999.0 

2.8 

2.1 

999.0 

999.0 

V 

2 

1000.0 

38.0 

3.2 

3.1 

999.0 

999.0 

AA 

3 

935.0 

99999.0 

.2 

2.5 

999.0 

999.0 

A 

4 

921.0 

99999.0 

1.4 

2.9 

999.0 

999.0 

A 

5 

857.0 

99999.0 

-1.3 

2.8 

999.0 

999.0 

A 

6 

850.0 

1343.0 

-1.7 

3.1 

165.0 

36.0 

AAA 

7 

829.0 

99999.0 

-2.3 

4.2 

999.0 

999.0 

A 

8 

811.0 

99999.0 

-1.9 

6.0 

999.0 

999.0 

A 

9 

765.0 

99999.0 

-4.9 

7.0 

999.0 

999.0 

A 

10 

700.0 

2870.0 

-10.1 

6.0 

160.0 

48.0 

AAA 

11 

594.0 

99999.0 

-19.1 

3.5 

999.0 

999.0 

A 

12 

515.0 

99999.0 

-25.9 

8.0 

999.0 

999.0 

A 

13 

500.0 

5380.0 

-27.7 

8.0 

175.0 

48.0 

AAA 

14 

407.0 

99999.0 

-39.7 

9.0 

999.0 

999.0 

A 

15 

400.0 

6940.0 

-40.7 

10.0 

160.0 

48.0 

AAA 

16 

334.0 

99999.0 

-50.9 

99.9 

999.0 

999.0 

A 

17 

300.0 

8830.0 

-55.9 

99.9 

165.0 

44.0 

AAA 

18 

279.0 

99999.0 

-59.1 

99.9 

999.0 

999.0 

TA 

19 

264.0 

99999.0 

-56.7 

99.9 

999.0 

999.0 

A 

20 

250.0 

9980.0 

-57.9 

99.9 

180.0 

32.0 

AAA 

Table  1 :  Example  of  radiosonde  ascent  data  extracted  from  NCAR  dataset 


2.1  Low  resolution  data 

A  global  network  of  meteorological  stations  gathers  data 
on  a  regular  basis  for  synoptic  weather  forecasting, 
coordinated  by  the  World  Meteorological  Organisation 
(WMO).  These  data  are  archived  and  are  available  from 
several  world  data  centres.  Surface  observations  are 
made  at  more  than  5000  sites  every  three  hours,  while 
routine  radiosonde  observations  (RAOBs)  are  made  at 
over  1000  stations  twice  daily,  nominally  at  0000  and 
1200  UT.  (The  ascents  are  made  simultaneously  at  all 
locations  on  the  globe,  rather  than  at  the  same  local 
time.)  The  RAOBs  are  the  most  useful  for  calculating 
super-refracting  and  ducting  layer  statistics. 

This  WMO  network  of  stations  is  the  only  source  of  data 
with  global  coverage  and  long  time  span.  While  other 
methods,  such  as  satellite  remote  sensing  and  numerical 
weather  prediction  models,  show  promise  for  the  future, 
particularly  in  the  area  of  forecasting,  the  WMO 
radiosonde  network  is  the  obvious  basis  for  global 
climatic  mapping  of  statistical  parameters. 

All  available  radiosonde  observation  (RAOB)  data  for 
the  ten  years  1983-1992  were  obtained  from  the 
National  Center  for  Atmospheric  Research  (NCAR)  in 
the  USA.  A  typical  ascent  (up  to  a  height  of  10  km)  is 
shown  in  Table  1. 

The  levels  at  which  data  are  reported  by  the  WMO 
network  are  of  two  types.  All  parameters  are  reported  at 
standard  levels:  fixed  pressure  levels  agreed  by  the 
WMO  (1000,  850,  700,  500,  400,  ...  hPa).  Only  the 
1000  hPa  and  850  hPa  levels  are  normally  relevant  to 
terrestrial  radio  links,  the  lower  pressures  levels  being 
too  high  in  altitude.  Pressure,  temperature  and  dew  point 
are  also  reported  at  significant  levels:  heights  that  show 


significant  features  (such  as  changes  of  slope)  in  the 
vertical  profiles  of  temperature  or  dew  point.  There  may 
be  several  significant  levels  below  a  height  of  1000  m. 

These  reporting  levels  are  extracted  from  the  “raw”  high 
resolution  data  directly  measured  by  the  radiosonde  as  it 
ascends  (with  typically  10  m  height  resolution  in  modern 
systems)  via  a  complex  reduction  process  that  may 
involve  smoothing  and  interpolation.  Indeed,  until 
recently,  significant  levels  were  usually  manually 
extracted  from  the  raw  data;  and  even  though  modern 
radiosonde  systems  automate  this  process,  there  is  no 
universally  agreed  procedure  for  defining  significant 
levels.  We  refer  to  the  standard/significant  level  data  as 
low  resolution  data;  one  of  the  purposes  of  this  study  is 
to  examine  the  effects  of  this  reduction  process  on  the 
usefulness  of  WMO  data  for  refractivity  studies. 

Referring  to  eqn  (1)  and  Table  1,  the  parameters  of 
interest  for  calculating  refractivity-height  profiles  are: 

(i)  Pressure:  values  are  rounded  to  1  hPa  (i.e.  about 
8  m  height  resolution)  at  levels  below  100  hPa. 

(ii)  Temperature 

(iii)  Dew  point  depression:  water  vapour  pressure  can 
be  obtained  directly  from  the  temperature  and  dew 
point  depression  by  any  one  of  a  large  number  of 
formulae  based  either  on  the  Goff-Gratch  or 
Clausius-Clapeyron  equations;  we  have  used  the 
formula  of  Tabata  [6],  Above  some  height  (typically 
5-6  km)  dew  point  depressions  are  not  available 
(indicated  by  the  dummy  value  of  99.9);  at  these 
heights  the  water  vapour  pressure  can  be  assumed  to 
be  zero. 

(iv)  Height:  Given  as  geopotential  height  at  standard 
levels  only  (the  value  9999.0  represents  missing 
data).  Geopotential  height  is  related  to  the  potential 
energy  acquired  by  a  unit  mass  on  being  raised 
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through  a  unit  distance  in  a  gravitational  field  of 
unit  strength.  It  differs  from  the  true  height  because 
the  Earth’s  gravitational  field  is  not  constant  with 
height.  Although  geopotential  height  is  more  useful 
in  dynamical  models,  true  height  is  required  for 
refractivity  analyses.  The  difference  between  the 
two  quantities  amounts  to  less  than  1%  in  the  first 
one  or  two  kilometres  above  the  Earth’s  surface, 
however. 

Also  of  use  in  data  validation  are: 

(v)  Quality  marks:  NCAR  has  carried  out  some  data 
validation  on  the  RAOBs  submitted  to  them  for 
archiving.  Each  parameter  has  been  marked  with  a 
“flag”  showing  the  result  of  consistency  checks 
applied  to  the  data. 

The  wind  speed  and  direction  information  has  not  been 
used  in  this  study.  If  needed,  wind  information  is 
available  at  pilot  levels  in  addition  to  the  standard  levels 
shown.  Many  stations  also  launch  pilot  balloons 
(PIBALS)  to  give  information  on  upper  air  winds  only  at 
the  intermediate  times  of  0600h  and  1800h. 

The  first  reported  level  (level  1)  in  Table  1  corresponds 
to  the  station  ground  level.  A  calculation  of  the  ground 
value  of  refractivity  is  clearly  very  important  for  studies 
of  ground-based  layers  and  surface  ducts.  In  this 
context,  it  is  important  to  note  that  the  station  values  are 
normally  obtained  from  ground-based  sensors,  and  not 
from  the  radiosonde  itself.  This  has  important 
implications. 

2.2  High  resolution  data 

For  modern  radiosondes,  the  height  resolution  of  the 
“raw”  data  from  which  the  standard  and  significant 
levels  are  extracted  is  high:  the  Vaisala  sondes  currently 
used  by  the  UK  Met  Office  send  back  data  every  2 
seconds,  giving  a  height  resolution  of  about  10  m.  In  the 
UK,  this  high  resolution  data  is  archived  in  digital  form. 

A  complete  year  (1991)  of  high  resolution  data  from 
Hemsby  in  the  UK  has  been  obtained  in  order  to 
compare  radiometeorological  statistics  obtained  from 
the  WMO-formatted  data  with  those  obtained  from  the 
raw  data.  The  data  files  contained  14  primary  or  derived 
parameters  at  each  2  second  reporting  level,  the  first 
level  generally  being  less  than  20  m  above  the  ground. 
Only  the  pressure,  temperature  and  dew  point  were  used 
in  this  study. 

3  DATA  REDUCTION  AND  VALIDATION 

One  of  the  most  time-consuming  parts  of  the  analysis  of 
the  low  resolution,  global,  10-year  radiosonde  dataset  is 
the  extraction  of  the  relevant  information  in  a  format 
suitable  for  scientific  analysis.  This  is  due  to  the  sheer 
quantity  of  data  to  be  manipulated — more  than 
8.4  million  ascents  (RAOBs  and  PIBALs),  amounting  to 
over  6  Gbytes  of  data  (in  a  compressed  binary  format). 


Validation  of  the  extracted  data  is  one  of  the  most 
important  stages,  since  much  of  the  data  is  of  low  quality 
and  careful  quality  control  is  required. 

3.1  Extraction  of  station  data 

The  compressed  and  encoded  WMO  dataset  as  supplied 
by  NCAR  contains  radiosonde  ascents  that  are  ordered 
chronologically,  rather  than  by  station.  Extracting  and 
unpacking  the  data  for  all  the  ascents  of  a  single 
radiosonde  station  made  in  a  10-year  period,  and  saving 
these  in  a  “station  file”  is  equivalent  to  rotating  a 
6  Gbyte  matrix.  This  was  made  easier  by  the  availability 
of  20  Gbyte  of  disk  space  for  this  task.  In  all,  4430 
station  files  were  created,  and  archived  by  WMO  region. 

3.2  Selection  of  stations 

Of  the  4430  station  files  available,  not  all  contain 
sufficient  ascents  for  subsequent  statistical  analysis. 
Indeed,  as  Figure  1  shows,  the  majority  of  stations  make 
(or  at  least  report)  very  few  ascents:  about  3000  of  the 
stations  made  less  than  250  ascents  in  the  10  year 
period,  including  over  2000  that  averaged  less  than  one 
ascent  per  year!  However,  apart  from  the  very  large  peak 
in  the  first  bin.  Figure  1  shows  that  the  number  of 
ascents  per  station  is  fairly  evenly  spread,  with  a  slight 
increase  above  the  7000  figure  corresponding  to  the 
“high  quality”  stations  that  report  two  ascents  per  day, 
except  for  occasional  problems. 

We  considered  two  criteria  based  on  the  number  of 
reported  RAOB  (OOOOh  or  1200h)  ascents  for  a  station 
to  be  accepted  for  statistical  analysis: 

(i)  it  must  have  more  than  3000  (OOOOh  +  1 200h) 
ascents  in  total; 

(ii)  it  must  have  more  than  1000  ascents  at  each  of 
OOOOh  and  1200h. 

942  stations  satisfied  the  first  criterion  and  979  satisfied 
the  second  criterion;  interestingly,  the  two  criteria 
produced  largely  the  same  set  of  stations.  The  results  to 
be  presented  are  based  on  the  first  selection  criterion. 
Figure  2  is  a  map  of  the  942  stations  accepted  for  further 
analysis;  the  average  number  of  ascents  per  station  for 
these  stations  is  6000. 

Since  the  meteorology  of  ocean  and  coastal  regions  were 
of  particular  interest,  it  was  necessary  to  identify  the 
radiosonde  stations  in  these  regions.  A  simple  criterion 
based  on  station  altitude  above  mean  sea  level  produced 
the  299  stations  shown  in  Figure  3. 

3.3  Computation  of  height-refractivity  profiles 

Before  statistical  analyses  are  applied  to  the  station  files, 
these  are  processed  to  produce  “refractivity  files”  i.e.  a 
single  file  per  station  containing  all  height-refractivity 
profiles  for  the  complete  ten  year  time  span.  This  is  done 
for  two  reasons: 
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•  the  volume  of  data  is  much  less  than  that  of  the 
original  station  files  in  the  format  of  Table  1  since 
the  refractivity  files  contain  less  parameters  and 
only  retain  profiles  up  to  a  height  of  3  km.  The  size 
of  a  refractivity  file  is  typically  1  Mbyte. 

•  the  station  file  data  are  incomplete  (for  example  true 
height  values  must  be  calculated)  and  may  contain 
invalid  data. 

Producing  a  height-refractivity  profile  requires,  for  each 
reported  level  in  a  station  file,  the  calculation  and 
validation  of  (a)  the  true  height,  and  (b)  the  refractivity. 

3.4  Calculation  and  validation  of  true  height 

Since  heights  are  only  reported  at  standard  levels,  the 
height  of  the  radiosonde  at  each  level  must  be  calculated 
by  integrating  the  hydrostatic  equation  and  the  equation 
of  state  of  the  air  from  the  ground  up  to  the  level  of 
interest.  For  accuracy,  the  equation  of  state  must  take 
account  of  the  correct  dry  air/water  vapour  mix.  True  or 
geopotential  height  can  be  calculated  depending  on 
whether  the  value  of  gravitational  acceleration  used  in 
the  calculation  is  the  sea  level  value  (for  geopotential 
height)  or  the  value  pertaining  to  the  height  of  interest 
(for  true  height). 

Ideally  the  integration  must  be  carried  out  over 
sufficiently  small  height  intervals  for  the  true 
temperature  and  dew  point  temperature  profiles  to  be 
adequately  represented.  Indeed  the  reported  geopotential 
heights  at  standard  levels  are  based  on  such  an  analysis 
of  the  raw,  high  resolution  data;  these  unfortunately  are 
not  available  in  the  low  resolution  data,  and  a 
reconstruction  of  the  significant  level  heights  must  be 
based  only  on  the  few  reported  levels  available.  This 
gives  rise  to  discrepancies  between  the  calculated  and 
reported  values  of  height  at  the  standard  levels.  For  the 
refractivity  profiles,  we  always  use  the  calculated  values 
of  true  height  at  the  standard  levels  rather  than  convert 
the  reported  values  of  geopotential  height  to  true  height, 
in  order  to  avoid  creating  artificially  high  gradients 
where  there  is  a  mismatch  between  a  calculated 
significant  level  height  and  a  nearby  reported  standard 
level  height. 

As  part  of  the  validation  process,  calculated  and 
reported  geopotential  height  values  at  the  standard 
levels  were  compared.  Figure  4  is  a  scatter  plot  of  the 
differences  between  the  calculated  and  reported  height 
values  at  the  standard  levels  for  Hemsby  in  the  UK  for 
the  complete  10  year  period.  The  points  are  observed  to 
be  tightly  clustered  with  a  mean  close  to  zero,  although 
with  a  certain  number  of  “outliers”;  (the  “drift”  in  the 
mean  at  the  highest  levels  is  believed  to  be  caused  by 
our  implementation  of  the  hydrostatic  equation  which 
ignores  the  effects  of  the  tropopause;  since  only  heights 
below  3  km  are  of  interest,  this  effect  is  not  important). 
For  this  station  the  mean  “error”  and  standard  deviation 
(calculated  at  the  1000  and  850  hPa  levels)  are  -0.18  m 


and  2.64  m  respectively,  typical  of  a  “reliable”  station. 
Many  stations  show  a  much  greater  scatter  of  points. 

The  outliers  are  due  to  large  height  discrepancies  at 
particular  levels;  these  can  be  caused  either  by  (a)  errors 
in  reported  height  or  meteorological  parameters,  or 
(b)  missing  significant  levels  in  the  reported  data.  When 
calculating  the  height-refractivity  profiles,  a  level  (and 
all  higher  levels)  is  omitted  if  the  difference  between  the 
calculated  and  reported  values  of  geopotential  height  is 
greater  than  a  predetermined  limit  (somewhat  arbitrarily 
taken  as  50  m). 

Many  stations  had  a  mean  “error”  differing  from  zero  by 
several  standard  deviations.  This  is  believed  to  be  due  to 
reporting  errors  in  the  station  ground  height  (which  was 
used  to  initialise  the  hydrostatic  equation);  this  can 
happen  if  the  launch  point  has  been  moved  since  the 
station  height  was  originally  reported.  If  necessary,  the 
calculated  mean  errors  can  be  used  to  correct  the 
reported  station  ground  heights. 

3.5  Calculation  and  validation  of  refractivity 

Refractivity  is  calculated  at  each  level  using  eqn  (1). 
The  NCAR  quality  marks  indicate  a  degree  of  credibility 
to  be  attached  to  each  measurement,  and  these  are  used 
in  our  validation.  Our  acceptance  criterion  is  very 
conservative:  a  level  is  accepted  only  if  all  the 
meteorological  parameters  are  present  and  pass  the 
tightest  consistency  checks.  Otherwise  the  level  (and  all 
subsequent  levels)  is  rejected. 

As  a  result  of  the  height  and  refractivity  validation 
process,  the  percentage  of  available  ascents  that  can  be 
used  for  statistical  analyses  below  3  km  in  height  is 
generally  greater  than  80%,  and  is  as  high  as  96%  for 
the  best  stations. 

3.6  High  resolution  data 

The  high  resolution  ascent  data  were  also  reduced  to  a 
(single  station,  one  year)  refractivity  file  of  the  same 
format  as  the  low  resolution  data  files  (but  with  all 
recorded  levels  up  to  3  km).  The  limited  amount  of  data 
meant  that  a  visual  inspection  of  the  plotted  profiles  was 
possible  to  verify  that  there  were  no  gross  data  errors. 

4  SUPER-REFRACTION  AND  DUCT  LAYER 
STATISTICS 

Bean  et  al  [1]  investigated  (amongst  other  things)  the 
refractivity  gradients  in  the  surface  layer,  defined  by  the 
difference  between  the  refractivity  value  at  100  m  above 
the  surface  and  at  the  surface.  The  maps  used  by  the  ITU 
radio  link  performance  models  [2,3]  show  the 
percentage  of  the  time  that  the  gradient  in  the  lowest 
100  m  is  less  than  -lOON/km,  denoted  by  (30.  This 
parameter  can  be  taken  as  an  indication  of  the 
probability  of  occurrence  of  super-refracting  surface 
layers. 
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Since  the  strongest  anomalous  propagation  effects  are 
usually  associated  with  the  formation  of  ducts,  it  might 
be  expected  that  the  presence  of  ducting  layers  (i.e. 
layers  with  a  refractivity  gradient  < -157  N/km)  would 
be  more  appropriate.  Maps  of  this  quantity  were  drawn 
by  Bean  et  al,  but  were  not  adopted  by  the  ITU.  One 
reason  may  be  that  mean  gradients  measured  in  the 
100  m  surface  layer  used  in  the  Bean  et  al  analysis  will 
fail  to  detect  the  shallower  ducts  (caused  by  advection  or 
nocturnal  inversions)  that  can  still  produce  very 
significant  effects  on  surface  links. 

In  this  study,  explicit  duct  statistics  have  been 
investigated  as  potential  climatic  parameters.  Although 
the  choice  of  the  best  parameters  to  use  in  statistical 
prediction  models  will  ultimately  be  determined  by 
testing  the  models  against  radio  link  data,  a  number  of 
candidate  parameters  are  suggested  on  physical  grounds, 
and  the  climatology  of  these  parameters  is  of  interest  in 
any  case: 

(i)  for  surface  (S)  ducts:  the  probability  of  occurrence, 
and  statistics  of  duct  thickness  and  strength; 

(ii)  for  elevated  (E)  ducts:  the  probability  of 
occurrence,  and  statistics  of  duct  height,  thickness 
and  strength; 

(iii)  elevated  layer,  surface  (ES)  ducts  were  also 
included  in  the  analysis;  however  their  probability 
of  occurrence  was  so  low  that  the  layer  parameters 
did  not  have  sufficient  statistical  significance  for 
climatic  mapping. 

For  each  radiosonde  ascent,  the  parameters  of  all  ducts 
occurring  in  that  ascent  were  extracted.  (For  ducts,  it  is 
more  appropriate  to  consider  height-modified- 
refractivity  profiles:  a  ducting  layer  exists  if  the 
modified  refractivity  gradient  in  the  layer  <  0  M/km).  In 
this  process,  it  was  of  course  necessary  to  assume  that 
the  WMO  significant  levels  were  an  adequate 
representation  of  the  significant  levels  in  the  refractivity 
profile;  in  particular,  surface  duct  parameters  are 
sensitive  to  the  ground  value  of  refractivity.  These 
assumptions  are  considered  in  detail  later. 

Annual  and  monthly  probability  distributions  of  the  duct 
layer  parameters  were  calculated  for  each  station,  and 
the  median  values  extracted.  As  an  indication  of 
statistical  significance,  the  lower  and  upper  quartiles 
(the  points  corresponding  to  the  25  and  75  percentiles) 
were  used  as  a  “confidence  interval”.  These  statistical 
parameters  were  also  calculated  as  part  of  the  earlier 
Sylvania  study,  allowing  a  comparison  with  the  earlier 
data. 

Figures  5  and  6  show  the  potential  of  ducting  parameters 
as  climatic  variables,  using  stations  in  the  Mediterranean 
and  India.  The  seasonal  variations  of  duct  height  at  the 
two  locations  are  clearly  very  different,  while  the  trend 
in  the  probability  of  duct  occurrence  is  similar.  (The 
absolute  values  of  duct  occurrence  have  to  be 
interpreted  with  care,  as  discussed  later). 


4.1  Mapping  of  statistics 

Statistical  parameters  for  over  100  stations  in  the 
European  region  have  been  extracted.  Figures  7-10  are 
examples  of  contour  maps  based  on  these,  showing 
annual  percentage  of  occurrence  and  annual  median  duct 
strength  of  surface  and  elevated  ducts.  As  expected,  all 
these  statistics  show  an  increase  from  the  continental 
climate  in  the  north-east  to  the  Mediterranean  climate  in 
the  south.  The  influence  of  the  coast  on  the  probability 
of  occurrence  of  surface  ducts  is  also  apparent  in 
Figure  7. 

Maps  of  median  annual  duct  thickness  were  not  found  to 
show  any  useful  trends. 

4.2  Problems  with  surface  layer  incidence  statistics 

Comparisons  between  the  new  statistics  and  earlier 
results,  where  available,  have  been  made.  In  many  cases 
the  agreement  between  the  new  study  and  the  earlier 
results  is  very  good;  for  example,  duct  strength  statistics 
from  this  study  agree  very  well  with  those  from  the 
Sylvania  study. 

However,  in  some  cases  the  agreement  is  poor.  In 
particular,  this  is  the  case  for  the  percentage  of  the  time 
that  a  super-refracting  or  ducting  layer  exists  at  a 
location.  It  is  unfortunate  that  this  is  probably  the  most 
obvious  parameter  that  could  be  used  as  an  indicator  of 
the  incidence  of  anomalous  propagation  (for  example,  (30 
in  the  ITU  prediction  models).  It  is  therefore  necessary 
to  understand  why  it  appears  to  be  the  most  difficult  to 
derive  from  radiosonde  ascents. 

Here  we  give  some  examples,  and  possible  reasons  for 
the  differences.  A  critique  of  the  results,  and 
implications  for  the  use  of  the  parameters  in  prediction 
models  will  be  given  in  the  next  section  after  a 
consideration  of  the  high  resolution  data. 

Figure  1 1  compares  the  monthly  and  annual  values  of 
the  quantity  (5o  for  Hemsby  as  given  by  the  new  results 
of  this  study,  with  the  values  taken  from  the  maps  of 
Bean  et  al  [1]  (only  available  for  four  months  of  the 
year).  The  agreement  is  very  poor,  the  probability  of 
occurrence  of  surface  super-refracting  layers  being  many 
times  higher  in  the  new  data  than  in  the  earlier  data. 

Figure  12  compares  the  monthly  and  annual  values  of 
the  probability  of  occurrence  of  surface  ducts  for 
Hemsby  obtained  from  three  datasets:  (i)  the  Sylvania 
study  [5]  (5  years  in  the  late  1960s  and  early  1970s); 
(ii)  the  new  data  (1983-92);  (iii)  an  analysis  based  on 
the  years  1980-89  (a  slightly  extended  dataset  was 
available  for  this  station).  Again  the  agreement  is  poor, 
although  the  monthly  trends  are  similar.  Even  the 
comparison  between  the  years  1980-89  and  1983-92 
show  major  differences. 
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It  is  instructive  to  look  at  the  annual  values  of  the 
probability  of  occurrence  of  surface  ducts,  calculated  on 
a  year-by-year  basis — Figure  13.  Each  “ribbon” 
represents  the  trend  in  this  quantity  during  the  period 
1983-1992  for  a  single  radiosonde  station.  Two  groups 
are  given,  corresponding  to  stations  in  the  UK  and  in 
Scandinavia.  Of  particular  note  is  the  large  increase  in 
the  percentages  at  the  UK  stations  after  1989. 

There  are  three  possible  reasons  for  the  differences 
between  the  newer  and  older  studies: 

(i)  Climatic  change 

(ii)  Differences  in  the  data  processing 

(iii)  Differences  in  the  radiosonde  systems 

Climatic  change  clearly  cannot  explain  such  large 
variations,  and  would  also  be  expected  to  affect  the 
other  statistics  (such  as  median  duct  height).  There  may 
well  be  differences  in  the  way  we  extract  duct 
information  compared  to  the  earlier  studies,  but 
Figure  13  shows  that  a  strong  time-dependence  in  the 
statistics  occurs  even  within  our  limited  10-year  data 
span,  and  this  cannot  be  explained  by  data  processing 
differences. 

In  the  cases  illustrated  here,  the  differences  are  almost 
certainly  due  to  the  fact  that  many  stations  now  use 
improved  radiosonde  systems  compared  to  those  that 
were  in  use  in  the  1960s  and  1970s  when  the  earlier 
studies  were  carried  out.  For  example,  the  UK 
Meteorological  Office  replaced  its  sondes  with  Vaisala 
minisonde  systems  in  1990.  The  effect  of  this  change  on 
the  duct  incidence  statistics  is  clear  in  Figure  13 
(although  the  reason  for  the  continuing  rise  in 
succeeding  years  is  so  far  unexplained). 

Newer  radiosondes  have  several  improvements 
compared  to  older  models.  The  sensors  are  more 
accurate  (particularly  the  humidity  element),  with  faster 
response  times,  and  the  sondes  have  better  vertical 
resolution:  older  radiosondes  tended  to  underestimate 
the  magnitude  of  any  refractivity  changes,  reducing  the 
apparent  gradients  and  missing  thin  structures.  These 
improvements  increase  the  probability  of  detecting 
surface  layers  in  the  first  few  tens  of  metres  above  the 
ground. 

A  wider  comparison  of  the  newly  calculated  annual 
values  of  (30  averaged  over  10  years  with  the  values 
taken  from  the  maps  of  [1]  for  25  locations  around  the 
world  was  made.  The  correlation  coefficient  was  very 
low  (0.06).  In  the  light  of  the  above  comments,  it  was 
surprising  to  find  that  almost  half  the  stations  had 
calculated  values  of  po  smaller  than  the  map-derived 
values.  However,  with  the  exception  of  a  single  station, 
all  large  differences  are  due  to  larger  calculated  values 

ofP0- 

The  probabilities  of  occurrence  of  surface  super- 
refracting  and  ducting  layers  as  derived  from  low- 
resolution  radiosonde  data  are  evidently  dominated  by 


instrumental  and  data  reduction  factors.  Great  care  has 
to  be  taken  in  interpreting  these  figures,  particularly  if 
the  time  span  of  the  data  includes  a  change  of 
instrumentation,  or  if  results  from  different  sites  with 
widely  different  radiosonde  types  are  compared. 

It  must  be  emphasised  again  that  the  above  examples 
were  chosen  to  illustrate  the  large  differences  that  can 
occur  when  results  derived  from  different  datasets  are 
compared.  There  was  more  consistency  between  the 
different  studies  in  the  other  layer  statistics. 

5  HIGH  RESOLUTION  DATA  ANALYSIS 

One  of  the  main  reasons  for  obtaining  the  high 
resolution  (“raw”)  Hemsby  radiosonde  data  for  1991 
was  to  investigate  whether  “significant”  levels  in 
refractivity  (that  is,  those  significant  for  ducting  layer 
statistics)  were  adequately  represented  by  the  WMO- 
reported  significant  levels  (of  temperature  and  dew 
point)  in  the  low  resolution  data. 

Both  an  ascent  by  ascent  comparison  of  the  height- 
refractivity  profiles  derived  from  the  high  resolution 
(HIRES)  and  low  resolution  (LORES)  data,  and  a 
comparison  of  annual  duct  layer  statistics  derived  from 
the  high  and  low  resolution  datasets  for  1991  were 
considered. 

Figure  14  shows  four  examples  that  are  fairly 
representative  of  the  types  of  situation  that  can  occur. 
Since  the  WMO-reported  significant  levels  were 
extracted  from  the  LORES  data  points  shown,  it  should 
be  clear  that  the  differences  are  due  to  the  data 
processing  of  the  LORES  data,  and  has  nothing  to  do 
with  instrumental  performance.  Each  example  contains  a 
surface  duct,  but  in  the  first  two  cases,  the  LORES  data 
misrepresents  the  strength  and  height  of  the  ducting 
layer.  In  the  last  example,  a  (weak)  elevated  duct  has 
been  missed.  To  quantify  the  effect  of  these  differences 
requires  an  examination  of  the  statistics. 

5.1  Comparison  of  statistics 

5.2  Duct  incidence  statistics 

The  same  duct  detection  algorithm  was  run  on  the  low 
and  high  resolution  data.  The  results  for  surface  ducts 
are  given  in  Table  1.  Ideally,  the  off-diagonal  elements 
of  the  score  matrix  should  be  zero.  A  large  number  of 
ascents  (30%)  showed  a  surface  duct  in  the  HIRES  data, 
but  not  in  the  LORES  data.  This  might  have  been 
expected  to  be  caused  by  weak  features  in  the  height- 
refractivity  profile  at  low  heights  that  are  not  present  in 
the  low  resolution  data.  However,  it  turns  out  that  much 
of  the  effect  is  due  to  quite  strong,  but  low  level,  surface 
ducts. 
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Low  Resolution 

No  Duct 

Duct 

High 

Resolution 

No  Duct 

27% 

4% 

Duct 

30% 

39% 

Table  1:  Surface  duct  detection  scores 


The  small  number  of  ascents  (4%)  when  a  surface  duct 
was  present  in  the  low  resolution,  but  not  the  high 
resolution,  data  are  due  to  the  exclusion  of  ES  ducts 
from  this  table:  occasionally  a  duct  would  be  identified 
as  ES  in  the  high  resolution  data  and  as  S  in  the  low 
resolution  data. 

For  elevated  ducts,  the  disparity  between  the  annual 
incidence  of  ducts  in  the  HIRES  data  (69%)  and  the 
LORES  data  (21%)  was  higher  than  for  surface  ducts 
(69%  compared  to  43%).  In  this  case  the  difference  was 
due  to  weak  features  in  the  HIRES  profiles  that  were  not 
reflected  in  the  LORES  profiles.  Removing  all  elevated 
ducts  with  a  strength  less  than  2  M-units  resulted  in 
similar  statistics  for  LORES  and  HIRES  data. 

5.3  Duct  strength  and  thickness  statistics 

For  surface  ducts,  the  LORES  and  HIRES  probability 
distributions  of  duct  strength  were  similar.  Surface  duct 
heights  derived  from  the  LORES  data  were  quantised  in 
multiples  of  approximately  8  m,  due  to  the  rounding  of 
pressure  levels  to  1  mb  in  the  NCAR  data.  This  makes 
comparison  of  the  distributions  of  duct  thickness 
(height)  difficult — we  concluded  that  it  is  not  sensible  to 
derive  surface  duct  height  statistics  from  the  NCAR 
WMO  data. 

For  elevated  ducts,  both  the  duct  strength  and  thickness 
distributions  were  heavily  biased  towards  small  values  in 
the  HIRES  data  (Table  2).  As  already  mentioned,  this 
was  caused  by  weak  features  in  the  HIRES  profiles  that 
were  not  reflected  in  the  LORES  profiles.  Application  of 
a  low-duct  strength  filter  restored  agreement  between  the 
LORES  and  HIRES  statistics. 


Annual  median  value  of: 

LORES  HIRES 

Duct  Strength  (AM) 
Duct  Thickness  (m) 

4.3  0.7 

125  30 

Table  2:  Elevated  duct  statistics 


The  sensitivity  of  the  statistics  to  the  data  resolution,  and 
the  need  for  conditional  probability  distributions  (based 
on  a  weak  duct  “filter”)  is  fairly  obvious,  but  a  unified 
approach  that  will  deal  satisfactorily  with  the  multitude 
of  radiosonde  types  will  require  further  work. 

5.4  Boundary  layer  modelling 

It  has  already  been  pointed  out  that,  of  the  high 
percentage  of  surface  ducts  seen  in  the  Hemsby  ascents, 


a  large  proportion  are  relatively  strong  features,  unlikely 
to  be  caused  by  “noise”  in  the  data.  However,  the 
LORES  data  showed  that  most  of  these  apparent  ducts 
were  defined  by  only  two  points — the  ground  point  and 
the  first  radiosonde  point — as  illustrated  in  Figure  14. 

This  apparent  “offset”  of  the  ground  value  from  the 
value  that  would  be  expected  by  simple  extrapolation  of 
the  radiosonde  data  values  to  the  ground  was  responsible 
for  the  different  surface  layer  statistics  (super-refraction 
and  ducting)  obtained  from  different  resolution  datasets. 

The  Hemsby  high  (about  10  m)  resolution  data  were 
used  to  investigate  the  surface  layer  in  more  detail:  the 
first  radiosonde  point  generally  occurs  at  a  height  less 
than  20  m  above  ground  level.  Three  possibilities  for  the 
station  value  “offset”  were  considered: 

(i)  calibration  differences  between  the  ground-based 
sensors  and  the  radiosonde  sensors; 

(ii)  time  lags  and  inadequate  acclimatisation  of  the 
radiosonde  before  launch; 

(iii)  boundary  layer  effects; 

Figure  15  shows  the  distribution  of  the  difference 
between  the  reported  ground  value  and  the  ground  value 
derived  by  extrapolating  the  first  few  radiosonde  points. 
The  distribution  is  strongly  biased  to  positive  values  (i.e. 
higher  refractivity  measured  at  the  ground  than  would  be 
expected  by  extrapolating  from  the  radiosonde  data). 
This  shows  that  the  differences  are  unlikely  to  be  due  to 
calibration  errors,  which  would  be  expected  to  be 
random. 

The  quality  control  at  Hemsby  is  known  to  be  good.  In 
the  great  majority  of  the  ascents,  the  refractivity  profiles 
were  close  to  linear  right  from  the  lowest  radiosonde 
point,  with  only  the  ground  value  point  offset  from  this 
line,  so  it  seems  unlikely  that  poor  acclimatisation  or 
sensor  time  lags  are  the  cause  of  the  ground  value 
offsets. 

In  the  atmospheric  boundary  layer,  the  lowest  50-100  m 
forms  a  surface  layer  in  which  the  wind  structure  is 
determined  primarily  by  surface  friction  and  the  vertical 
gradient  of  temperature.  The  vertical  transport  of 
momentum,  heat  and  moisture  in  this  layer  occurs  by 
turbulent  mixing,  and  the  vertical  fluxes  of  these 
quantities  are  proportional  to  the  mean  values  of  the 
gradients  of  wind  velocity,  potential  temperature  and 
specific  humidity,  respectively  [7].  The  vertical  profiles 
of  these  quantities  are  almost  always  logarithmic  in  the 
lowest  part  of  the  surface  layer. 

To  test  whether  boundary  layer  effects  contribute  to  the 
offsets  of  the  surface  values,  potential  temperature  and 
specific  humidity  fluxes  were  calculated  from  the 
LORES  temperature  and  dew  point  values  (assuming 
that  radiosonde  point  samples,  rather  than  statistical 
averages,  could  be  used  for  flux  calculations)  measured 
at  the  “station  height”  (taken  to  be  1  m  above  ground 
level)  and  the  top  of  the  surface  duct.  The  fluxes  were 
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then  used  to  predict  the  full  modified  refractivity  profile 
between  the  ground  and  the  top  of  the  duct,  while  the 
profile  above  this  surface  layer  was  assumed  to  be 
correctly  represented  by  the  low  resolution  data. 

Figure  16  shows  two  examples  of  this  type  of  analysis; 
the  diamonds  are  the  LORES  values  on  which  the  flux 
calculations  were  based,  and  the  solid  curve  is  the 
reconstructed  profile.  The  HIRES  profile  points 
(horizontal  bars)  are  shown  for  comparison.  Assuming 
that  the  HIRES  profile  can  be  regarded  as  “ground 
truth”,  the  agreement  with  the  profile  reconstructed  from 
the  LORES  data  and  boundary  layer  theory  is  good  in 
the  first  example,  although  less  so  in  the  second  example 
(the  same  ascent  as  in  the  first  graph  of  Figure  14);  in 
the  second  example,  the  height  of  the  layer  suggests 
coastal  advection,  rather  than  boundary  layer  mixing,  as 
a  cause  of  ducting,  which  may  explain  the  poorer  fit  in 
this  case. 

It  appears  possible  that  the  ground  value  “offsets” 
observed  in  the  Hemsby  data  are  genuine  and 
attributable  to  boundary  layer  effects.  If  this  can  be 
confirmed,  boundary  layer  modelling  may  provide  a 
means  of  estimating  the  true  parameters  of  low  level 
surface  ducts,  and  hence  stable  statistics  of  surface 
super-refracting  and  ducting  layers  independent  of  the 
resolution  of  the  radiosonde  data  from  which  they  are 
derived.  However,  further  work  is  required.  Boundary 
layer  studies  for  an  inland  station  is  desirable  for 
comparison  with  the  coastal  site  at  Hemsby. 

6  CONCLUSIONS 

The  network  of  WMO  synoptic  radiosonde  stations 
provides  the  only  source  of  long  term  refractivity 
statistics  with  global  coverage.  Maps  of  ducting 
parameters  for  the  European  region  have  been  drawn, 
based  on  data  for  the  ten  years  1983-92,  and  compared 
with  earlier  results.  Large  differences  were  found  in 
some  cases;  the  reasons  for  the  differences  were 
discussed,  and  further  investigated  by  analysis  of  a  “high 
resolution”  dataset  for  Hemsby  in  the  UK. 

In  summary,  the  apparent  probability  of  occurrence  of 
super-refracting  and  ducting  layers  depends  strongly  on: 

—  the  accuracy  and  response  times  of  the  radiosonde 
instruments 

—  the  resolution  of  the  data  from  which  the  statistics 
are  derived 

Maps  of  probability  of  occurrence  therefore  need  to  be 
interpreted  with  caution,  especially  if  the  time  span  of 
the  data  covers  changes  in  instrumentation,  or  if 
instruments  of  very  different  performance  are  included. 
However,  the  trends  (for  example  monthly  variation) 
may  be  a  useful  guide  to  climatic  differences.  Other  duct 
statistics  (such  as  layer  strength)  appear  to  be  less 
sensitive  to  the  source  of  the  data. 

It  is  clear  that  care  is  required  in  the  interpretation  of  the 
meaning  of  duct  statistics  derived  from  radiosonde  data. 


Of  course,  even  “biased”  results  may  be  useful  as 
driving  parameters  for  prediction  models,  if  these 
pseudo-duct  statistics  can  be  “normalised”  semi- 
empirically  by  means  of  correlation  studies  with  radio 
link  performance  data. 

Work  to  extend  the  mapping  beyond  Europe  is  already 
in  progress,  together  with  further  studies  on  the 
sensitivity  of  the  statistics  to  the  data  sources.  Other 
issues,  such  as  the  significance  of  diurnal  effects  on  the 
time-sampled  data,  are  being  considered. 
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DISCUSSION 

R.  HELVEY 

Some  years  ago  I  discovered  the  existence  of  fictitious  surface  ducts  during  daytime  in  various 
radiosonde-derived  refractive  data  sets  -  including  the  GTE  Sylvania  database.  This  was  caused 
by  a  combination  of  instrumental  and  procedural  problems.  Have  you  been  able  to  look  for 
systematic  diurnal  differences  in  your  statistics  which  might  shed  light  on  the  reality  of  the 
apparent  surface  ducts  reported? 

AUTHOR’S  REPLY 

We  have  not  looked  at  diurnal  effects.  The  limited  time  sampling  (twice  a  day)  of  WMO 
radiosonde  launches  and  the  longitude  -  dependence  of  the  local  time  of  launches  means  that 
diurnal  variation  is  not  very  useful  candidate  to  use  as  a  climatic  parameter,  if  derived  from 
WMO  sources. 

J.  TURTON  (Comments) 

1 .  I’d  like  to  point  out  the  existence  of  a  recent  USAF  ETAC  (Environmental  and  Technical 
Applications  Center)  global  refractivity  study  which  I  have  recently  received.  This  contains  an 
updated  refractivity  climatology  which  you  may  wish  to  see  to  aid  some  of  the  comparisons  with 
previous  climatologies. 

2.  I  noted  the  WMO  significant  levels  are  based  upon  specified  criteria.  Many  nations  have 
systems  that  automatically  identify  significant  levels  according  to  these  criteria  (eg.  Vaisala 
Digicora).  In  the  UK,  our  systems  (Vaisala  PC-Cora)  allow  operator  intervention  in  order  to 
identify  significant  meteorological  structure.  This  results  in  more  significant  levels  being 
reported  than  would  result  just  from  using  the  WMO  criteria  which  probably  explains  the  recent 
increase  in  elevated  duct  occurrence  from  the  UK  data. 

3.  We  do,  on  a  number  of  occasions,  see  various  near-ground  low  level  humidity  gradients 
in  our  radiosonde  profiles.  The  reporting  of  these  will  have  a  detrimental  effect  on  the  derived 
statistics. 

AUTHOR’S  REPLY 

I  would  be  interested  in  the  ETAC  study.  I  note  your  comments  on  the  UK  systems.  It  is 
actually  the  surface  duct  occurrence  that  shows  the  biggest  increase  in  the  data  from  the  newer 
instruments,  no  doubt  due  to  the  better  resolution  at  the  lower  heights.  I  believe  that  the 
occurrence  of  steep  gradients  at  very  low  heights  may  (at  least  in  part)  be  genuine:  this 
phenomenon  has  also  been  seen  in  refractometer  measurements. 

J.  CLAVERIE 

Did  you  compute  surface  duct  height  distributions? 

AUTHOR’S  REPLY 

We  did.  However,  we  do  not  believe  that  the  results  are  very  useful.  This  is  due  to  the  8  m 
"quantisation"  of  heights  caused  by  the  rounding  of  pressure  levels  to  1  mb  in  the  NCAR  data. 
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D.  DOCKERY 

Sounding  in  areas  influenced  by  marine  evaporative  conditions  will  generally  be  unreliable  below 
approximately  30  meters  due  to  rapid  atmospheric  fluctuations.  Have  you  considered  enforcing 
a  lower  limit  on  the  size  of  ducts  included  in  your  statistics? 

AUTHOR’S  REPLY 

This  may  indeed  be  necessary.  However  since  one  of  the  main  applications  is  (civil)  terrestrial 
communications  where  low  lying  layers  over  land  can  be  important  (and  the  evaporation  duct 
is  absent)  we  would  like  to  make  some  sense  of  the  surface  layer  data. 
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1.  SUMMARY 

In  June  1992,  IR/RF  propagation  experiments  were 
conducted  over  the  North  Sea,  at  about  10  km  SW  from  the 
German  Island  of  Sylt.  The  experiments  were  a  tri-lateral 
cooperation  between  institutes  from  Germany,  Canada  and 
The  Netherlands,  organized  by  the  TNO  Physics  and 
Electronics  Laboratory.  The  objective  was  a  study  on  the 
complementarity  of  IR  and  radar  detection  systems. 

In  this  contribution  we  report  on  the  characterization  of  the 
propagation  environment  by  the  TNO  Physics  and 
Electronics  Laboratory.  This  includes  aerosol  and  lidar 
measurements  to  determine  the  extinction  properties 
throughout  the  marine  atmospheric  boundary  layer,  as  well 
as  measurements  of  humidity  and  temperature  profiles  in 
the  marine  atmospheric  surface  layer  to  determine 
refractivity  profiles. 

Temperature  and  humidity  profiles  were  measured  form  a 
jack-up  barge  'Hubinsel  Barbara'  and  on  a  mast.  The 
sensors  were  mounted  such  that  profiles  could  be  measured 
from  close  to  the  sea  surface,  taking  into  account  tidal 
effects  and  waves  of  1.5  m,  to  heights  of  10  m  on  the  mast 
and  35  m  on  the  platform.  The  platform  data  are  often 
perturbed.  Therefore,  in  the  analysis  we  focussed  on  the 
temperature  and  humidity  profiles  from  the  mast.  Effects 
of  sensor  height,  wind  speed  and  thermal  stratification 
were  considered.  Deviations  from  the  logarithmic 
behaviour  have  been  observed.  These  are  mainly  ascribed 
to  coastal  influences,  based  on  consideration  of  the  height 
dependence  and  the  effects  of  thermal  stability.  We 
conclude  that  in  off-shore  winds  non-equilibrium  situations 
often  exist  at  the  sensor  locations,  with  an  internal 
boundary  layer  that  distorts  the  profiles. 

2.  INTRODUCTION 

The  performance  of  electro-optical  systems  for  detection  or 
identification  of  targets  strongly  depends  on  atmospheric 
conditions.  A  detailed  knowledge  of  the  effects  of  aerosols, 
temperature  and  humidity  gradients,  and  turbulence  on  the 
propagation  of  electromagnetic  radiation  is  important  for 
both  forecasting  the  propagation  conditions  (e.g., 
maximum  range  of  detection  of  targets)  and  the 
interpretation  of  observations;  range  prediction  is  valuable 
as  a  TDA  (tactical  decision  aid)  for  a  priori  assessment  of 
the  value  of  electro-optical  detection  systems.  Over  sea,  IR 
detection  systems  are  complementary  to  RF  systems 
because  of  the  differences  in  refraction  properties  as 
function  of  atmospheric  structure. 

When  atmospheric  conditions  are  such  that 
electromagnetic  waves  are  bent  towards  the  Earth's  surface, 
it  is  possible  to  observe  targets  beyond  the  geometrical 
horizon.  In  this  case  the  atmospheric  structure  is  super- 
refractive.  Sub-refraction  occurs  when  waves  are  bent 
away  from  the  surface.  Beaulieu6  shows  that  for  radar 


frequencies  (RF)  the  dew-point-to-sea-temperature 
(DSTD)  determines  the  refractive  structure  near  the  sea 
surface,  super-refraction  occurring  for  negative  DSTD.  For 
infra-red  (IR)  waves  the  air-to-sea-temperature  difference 
(ASTD)  is  a  useful  parameter.  Here,  super-refraction 
occurs  when  ASTD  is  positive.  Sub-refractive  conditions 
exist  when  DSTD  is  positive  (RF)  or  ASTD  is  negative 
(IR).  In  oceanic  environments  the  thermal  stratification  is 
usually  near-neutral  and  the  DSTD  generally  negative 
(since  the  dew  point  cannot  be  higher  than  the  air 
temperature).  Therefore,  conditions  over  sea  are  frequently 
super-refractive  at  RF.  Furthermore,  sub-refraction  cannot 
occur  for  both  RF  and  IR  and,  therefore,  at  least  one 
frequency  must  be  in  the  super-refractive  domain.  This 
indicates  the  synergism  and  complementarity  of  IR  and  RF 
for  long-range  detection. 

The  SYLT92  campaign  was  organized  in  a  coastal  marine 
environment  to  simultaneously  perform  propagation 
experiments  at  radar  and  infra-red  wavelengths  and 
measure  the  detailed  structure  of  the  marine  atmospheric 
surface  layer  (up  to  30  m  above  the  sea  surface).  The 
objective  of  SYLT92  was  to  study  the  behaviour  of 
electromagnetic  radiation  over  sea  and  to  validate  and 
improve  current  models  predicting  radar  or  infra-red 
propagation.  The  synergism  between  IR  and  radar 
detection  systems  can  then  be  demonstrated  via  the  models. 

The  SYLT92  experiment  was  a  trilateral  cooperation 
between  institutes  from  Germany,  Canada  and  The 
Netherlands.  The  experiment  took  place  from  May  18  until 
June  19  at  the  North  Sea  near  the  German  island  of  Sylt. 
The  campaign  was  coordinated  by  the  TNO  Physics  and 
Electronics  Laboratory,  that  also  performed  radar 
propagation  measurements  and  was  responsible  for 
meteorological  characterization  of  the  atmospheric  surface 
layer.  Germany  hosted  the  experiment.  WTD-71 
(Germany)  made  available  the  Hubinsel  Barbara,  a  jack-up 
barge  that  was  towed  to  an  indicated  position,  and  a  service 
boat.  FGAN-FHP  (Germany)  conducted  radar 
measurements  and  had  a  meteorological  station  on  one  of 
the  radar  reflector  poles.  Wave  information  was  made 
available  from  the  tide  gauge  at  Westerland.  DREV 
(Canada)  was  responsible  for  the  optical  and  IR 
propagation  measurements.  The  SYLT92  experiment  and 
the  individual  contributions,  with  emphasis  on  the  efforts 
by  the  TNO  Physics  and  Electronics  Laboratory  was 
extensively  described  by  De  Leeuw  et  al.1 

An  overview  of  the  results  from  the  RF  propagation 
measurements  was  presented  by  Sittrop  et  al/,  an  initial 
analysis  of  the  IR  propagation  measurements  was 
presented  by  Dion  and  Beaulieu.3 

In  this  contribution  the  results  are  presented  of  the  analysis 
of  meteorological  data  collected  during  the  SYLT92 
experiment  and  the  validation  of  two  models  predicting  the 
refractive  structure  of  the  atmosphere  at  radar  and  infra-red 
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wavelengths.  The  models  predict  temperature,  humidity 
and  refractivity  profiles,  which  are  compared  to  observed 
vertical  variations.  Discrepancies  between  model 
predictions  and  observations  are  ascribed  to  the  influence 
of  the  nearby  coast. 

3.  EXPERIMENTAL  SET-UP. 

The  experimental  set-up  is  briefly  described,  with 
emphasis  on  the  meteorological  measurements.  The  reader 
is  referred  to  De  Leeuw  et  al.1  for  a  more  detailed  layout  of 
the  experiment. 

The  experiment  was  centred  around  the  German  jack-up 
barge  'Hubinsel'  Barbara,  placed  in  the  North  Sea,  near  the 
German  coast.  Temperature  and  humidity  sensors  were 
placed  at  different  heights  on  the  west  side  of  the  platform 
for  profile  measurements,  up  to  about  30  m  above  sea 
level.  Profiles  were  also  measured  along  a  mast  with  4 
sensors,  placed  at  4,  5,  7  and  9.5  m  above  mean  low  sea 
level.  The  height  of  the  lowest  sensor  was  such,  that  it  was 
well  away  front  the  waves  at  high  tide,  allowing  for  waves 
up  to  1.5  m. 

Figure  1  shows  the  locations  of  the  barge  'Barbara'  and  the 
mast. 


Figure  1 .  Locations  of  'Hubinsel  Barbara’  and  the  mast. 

The  instruments  on  the  mast  were  Rotronic  Hygrometers, 
type  YA-100  with  teflon  foam  filter,  placed  in  a  Young 
shelter,  shielding  the  sensors  from  sea  spray  and  solar 
radiation.  The  instruments  were  placed  in  the  prevailing 
wind  direction,  WNW  to  NW  in  June , 4  free  from 
distortion  effects  from  the  Mast.  A  cup-anemometer  was 
placed  on  top  of  the  mast.  Sea  temperature  was  measured 


at  0.2  m  below  the  sea  surface,  with  a  thermistor  mounted 
on  a  float. 

On  Barbara,  temperature  and  relative  humidity  were 
measured  with  Hygrophyl  instruments,  type  G1463, 
mounted  on  the  west  side  of  the  hull.  In  this  way,  the 
sensors  would  be  exposed  for  the  wind  directions  expected 
in  the  area.  Wind  speed  and  wind  direction  were  measured 
with  a  cup  anemometer  and  a  wind  vane,  mounted  in  a 
mast  on  the  helicopter  deck,  at  a  height  of  35  m.  Sea 
temperature  was  measured  by  two  systems,  each  consisting 
of  a  thermistor  on  a  float.  Thus,  possible  contaminations 
from  the  platform  could  be  detected. 

In  the  mast  on  the  helicopter  deck  of  Barbara,  also  a 
turbulence  package  was  mounted,  consisting  of  a  3D  sonic 
anemometer  and  an  OPHIR  IR  hygrometer.  Both  these 
instruments  measured  at  high  frequency  (25  and  20  Hz). 
Their  results  are  not  included  in  the  present  analysis. 

Tidal  data  are  taken  from  the  tidal  gauge  at  the  Westerland 
tower,  digitized  from  analog  recordings.  Correction  curves 
have  been  applied  to  obtain  the  water  height  at  the  location 
of  the  mast. 

4.  DATA  VALIDATION  AND  CALIBRATION. 

4.1  Validation 

During  most  of  the  experiment  the  wind  came  from 
easterly  directions  and  most  of  the  Barbara  instrumentation 
was  on  the  lee  side  of  the  platform  structure.  In  that  case 
the  readings  of  these  instruments  were  strongly  affected  by 
the  platform  and  not  representative  for  unperturbed  open 
sea  conditions.  Therefore,  they  are  not  used  in  our 
analyses.  The  only  instrument  on  Barbara  that  produced 
reliable  data  of  both  temperature  and  humidity  was  the 
Hygrophyl  on  the  halfdeck  (on  average  at  25  m  above  sea 
level).  The  Ophir  instrument  on  the  heli  deck  appeared  to 
give  unreliable  humidity  readings,  although  the 
temperature  data  seemed  to  be  correct.  Therefore  the  Ophir 
temperature  is  used  where  possible. 

All  of  the  sensors  on  the  mast  gave  reliable  results  during 
the  whole  experiment,  except  for  one  occasion  when  sea 
spray  apparently  affected  the  lowest  sensor. 

4.2  Sensor  comparison. 

Temperature  and  humidity  sensors  were  calibrated  prior  to 
the  experiment  and  anemometers  were  compared. 
Nevertheless,  the  readings  of  different  instruments,  when 
calibrated,  are  known  to  be  somewhat  different,  when  a 
side-by-side  comparison  is  made.  However,  for  the 
evaluation  of  the  gradients  the  differences  between  the 
instruments  at  the  various  levels  and  platforms  are  more 
important  than  the  absolute  values.  Therefore,  prior  to 
installation  of  the  instruments  an  intercomparison  was 
made  with  all  instruments  mounted  on  the  halfdeck,  in  the 
shadow  of  the  helideck.  Data  were  collected  during  a  24- 
hour  period  on  May  19  and  20.  These  data  comprise  a 
balanced  set,  both  at  the  low  and  at  the  high  ends  of  the 
temperature  and  humidity  ranges  sufficient  data  are 
available  to  compute  reliable  correction  curves.  During  the 
experiment,  several  additional  comparison  runs  were  made 
with  the  instruments  placed  side-by-side  and  whenever 
possible,  the  mast  sensors  were  compared  with  a  hand-held 
calibrated  DV-2  temperature  and  humidity  sensor.  In 
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Figure  2.  Overview  of  meteorological  data  measured  during  the 
SYLT92  experiment,  June  1-19:  upper  panels  show  wind  speed 
and  direction,  mixing  ratios  from  the  four  mast  sensors  and  the 
hygrophyl  are  shown  in  the  middle  panel,  temperatures  are  shown 
at  the  bottom. 
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addition,  the  Barbara  instruments  were  compared  with  an 
Assmann  wet/dry  bulb  hygrometer,  on  a  daily  basis  and 
sometimes  several  times  per  day. 

The  temperature  sensor  comparison  data  cover  the 
temperature  range  13-19  °C  evenly;  no  data  were  obtained 
for  higher  temperatures.  All  Rotronic  sensors  consistently 
give  temperatures  about  0.5  to  0.8  °C  lower  than  the  three 
sea  temperature  sensors  (thermistors).  The  latter  were 
calibrated  prior  to  the  SYLT  experiment  with  the 
thermistors  in  a  climate  chamber  at  TNO.  For  this  reason, 
one  of  the  sea  temperature  sensors  of  Barbara  was  chosen 
as  reference. 

The  humidity  calibration  data  cover  a  range  of  relative 
humidities  from  55%  to  90%.  The  mast  hygrophyl  sensors 
agree  well;  the  only  hygrophyl  used  on  Barbara 
consistently  yields  lower  humidities.  No  true  calibration  of 
the  humidity  sensors  was  made  prior  to  the  experiment, 
although  all  sensors  were  factory-calibrated.  The  sensor  at 
the  top  of  the  mast  is  chosen  as  reference  sensor,  because 
its  data  compare  well  with  the  readings  from  hand-held 
instruments  (Assman  and  DV-2). 

For  more  details  on  the  data  comparison,  the  reader  is 
referred  to  Neele  and  De  Leeuw.5 

4.3  Validated  data. 

With  the  data  from  the  sensor  intercomparison,  described 
above,  correction  curves  were  computed.  The  (linear) 
corrections  were  applied  to  all  data  available.  The  validated 
temperature  and  mixing  ratio  data  are  shown  in  figure  2, 
together  with  wind  direction  and  wind  speed,  for  the  period 
June  1  -  June  19. 

The  first  half  of  the  measuring  campaign  can  be 
characterized  by  a  diurnal  period  of  warming  up  during  the 
afternoon  and  cooling  during  the  night.  This  is  associated 
with  stable  thermal  conditions  during  periods  of  sunshine 
and,  usually,  unstable  stratification  during  the  night  and 
morning.  The  wind  was  off-shore  during  this  period 
(direction  around  90°).  During  the  stable  periods,  large 
ASTDs  were  observed,  up  to  7  °C  between  the  lowest  mast 
sensor  and  the  sea  surface.  A  stationary  front  between 
maritime  and  continental  air  masses  passed  the  area  on 
June  4,  around  14:00h.  It  is  marked  by  a  abrupt  increase  in 
temperature  and  change  in  humidity;  the  wind  direction 
changes  from  east  through  south  to  north  and  to  east  again. 
During  the  second  half  of  the  campaign,  roughly  from  June 
12  onward,  onshore  winds  dominated.  Consequently,  the 
ASTD  was  smaller,  around  zero  and  negative  during  the 
last  few  days.  Note  that  whenever  the  wind  was  northerly, 
the  sensor  on  Barbara's  half  deck  gave  unrealistically  high 
temperatures  and  unrealistically  low  humidities. 

The  sea  temperature  varied  with  the  periodic  heating  of  sea 
water  on  the  tidal  flats  near  the  shore:  the  peaks  in  the  sea 
temperature  record  coincide  with  receding  tide,  when 
warm  water  from  the  tidal  flats  passed  the  sensors. 

Figure  2  shows  that  the  various  meteorological  parameters 
are  not  independent.  In  part  this  is  due  to  coastal 
influences.  For  example,  large,  positive  ASTD  occurred 
only  for  off-shore  winds;  for  onshore  winds  the  ASTDs 
were  small. 


5.  IR  AND  RF  REFRACTIVITY. 

Due  to  vertical  and  horizontal  variations  in  humidity, 
temperature,  pressure,  etc.,  electromagnetic  waves  in  the 
atmosphere  are  refracted.  In  super-refractive  conditions, 
velocity  increases  with  height  and  a  ray  leaving  a  source 
horizontally  is  bent  towards  the  Earth's  surface.  Sub- 
refractive  conditions  exist  when  rays  are  bent  upward 
(velocity  decreasing  with  height).  Trapping  of  rays  in  a 
layer  near  the  surface  occurs  in  the  former  case,  when  the 
rays  are  bent  with  a  curvature  greater  than  that  of  the  Earth. 
In  such  conditions  the  range  of  radar  or  infra-red 
observations  is  not  limited  by  the  geometrical  horizon  and 
can  be  quite  large  (if  not  limited  by  extinction  due  to 
aerosols  or  molecular  species).  The  height  at  which  a  ray  is 
bent  such  that  it  travels  parallel  to  the  Earth's  surface  is 
called  the  duct  height;  this  height  is  usually  taken  as  the  top 
of  the  trapping  layer. 

The  refractivity  profile  can  be  calculated  from  the  observed 
temperature  and  humidity  profiles,  because  these 
parameters  dominate  the  refractive  structure,  or  refractivity 
profile  (see  below  for  definitions).  The  refractivity 
structure  thus  obtained  may  be  used,  for  example,  to 
predict  maximum  visibility  range  for  radar  or,  by  ray¬ 
tracing,  to  assess  the  use  of  IR  and  RF  systems  and  their 
limitations  due  to  atmospheric  refraction  and  multipath 
effects. 

5.1.  Calculation  of  RF  refractivity. 

Since  the  variations  in  the  index  of  refraction  n  are  very 
small,  the  refractivity  A  has  been  introduced 

N  =  (n-1)  -106 

Following  Beaulieu,6  the  refractivity  N  for  radar  is 
calculated  using  the  relation 

Nrf  =  77.6  p  /  T  +  3.734  •  105  Vp  /  T 

where  p  is  atmospheric  pressure  in  mbar,  T  the  air 
temperature  in  Kelvin  and  Vp  the  partial  water  vapour 
pressure  in  mbar.  At  the  length  scales  typically  involved  in 
radar  experiments,  the  curvature  of  the  Earth's  surface  must 
be  taken  into  account.  The  spherical  geometry  can  be 
incorporated  in  two  ways.  One  is  by  performing  all 
calculations  in  a  spherical  geometry.  The  other  is  by 
transformation  of  the  refractivity  profile,  using  a  flat-Earth 
representation,  to  exploit  the  simpler  expressions  of  a  flat 
geometry.  For  radar  propagation  close  to  the  sea  surface,  a 
good  approximation  to  the  transformation  to  a  flat-Earth 
representation  is  obtained  by  adding  0.157  times  the  height 
to  the  refractivity  profile.  Thus,  the  modified  refractivity  M 
is  obtained.  Using  the  previous  expression  for  N,  the 
modified  refractivity  is  then  given  by 

Mrf  =  77.6  p  /  T  +  3.7345  -105  Vp  /  T  +  0.157  z 

where  z  is  the  height  (in  m)  above  the  sea  surface. 
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5.2.  Calculation  of  IR  refractivity. 

The  IR  refractivity  is  found  using  the  formula  given  by 
Edlen  :7 

a\  a2  p  (  Tq+  15.0 ) 

A^IR  =  /  « o  + . + . 1 . 

(l-(v/b  jjj  (]-(v/b2))  PqT 

Rw 

- [  c0-(v/cl )] 

Po 

where  p  is  atmospheric  pressure  (mbar),  T  the  air 
temperature  (Kelvin),  pw  the  partial  water  vapour  pressure 
(mbar).  The  wavelength  dependence  is  incorporated  in  the 
formula  through  the  wavenumber  v: 

v=  1  -104// 

where  /  is  the  wavelength  in  pm.  The  constants  in  the 
formula  of  Edlen  are 

a0  =  83.42  bx  =  1.140  105  c0  =  43.49 

а,  =183.08  b2  =  6.240  -104  c,  =  1.7-104 

a2  =  4.11 

T0=  273.15  K 
Pq  =  1013.25  mbar 

We  calculated  the  refractivity  for  IR  wavelengths  of  1.06 
pm  (Nd/YAG  laser)  and  10.59  pm  (CO2  laser  and  thermal 
IR  systems),  using  the  meteorological  data  discussed  in  the 
previous  section. 

б.  MODEL  VALIDATION. 

With  the  present  data  set,  models  describing  the  structure 
of  the  atmospheric  surface  layer  over  water  can  be 
evaluated  for  a  coastal  area.  The  behaviour  of  temperature 
and  humidity  as  a  function  of  height  above  the  sea  level 
predicted  by  these  models  is  generally  of  the  logarithmic 
type.  This  is  valid  in  near-neutral  conditions,  with  no 
coastal  influences.  The  site  chosen  in  this  experiment  is 
close  to  the  German  coast;  the  effect  of  nearby  land  is 
expected  for  easterly  winds. 

The  following  sections  deal  with  the  validation  of  two 
models,  LKB8  and  EVAP.9  Discrepancies  between 
observations  and  model  are  related  to  specific  weather 
parameters. 

6.1  The  models 

6.1.1  LKB  model 

The  LKB  model8  is  based  on  a  bulk  parameterization  of 
the  fluxes  of  heat,  moisture  and  momentum  between 
atmosphere  and  ocean.  An  interfacial  sublayer,  a  thin  layer 
above  the  sea  surface  where  molecular  diffusion  processes 
are  important,  is  incorporated  in  the  model.  It  is  applicable 
in  approximately  stationary  and  horizontally  homogeneous 
conditions,  over  an  open  fetch  of  water  and  with  moderate 
wind  speeds.  The  model  incorporates  the  effect  of  wind¬ 
generated  waves  on  the  local  roughness  (effects  of  swell 
are  not  included  in  the  model).  The  authors  expect  that  at 
high  winds  the  model  breaks  down,  as  breaking  waves 
disturb  the  interfacial  sublayer  and  sea  spray  affects  the 
temperature  and  humidity  in  the  surface  layer. 

The  model  calculates  the  profiles  of  temperature  and 
humidity  from  the  measured  values  at  a  single  height.  With 


these  profiles,  the  refractive  structure  (see  previous 
section)  can  be  calculated;  the  duct  height  is  then  simply 
the  minimum  in  the  modified  refractivity  profile. 

In  this  study  the  implementation  of  the  LKB  model  by  Liu 
&  Blanc10  is  used,  extended  with  a  routine  to  find  M(z). 

6.1.2  EVAP  model 

The  EVAP  model9  is  based  on  the  theory  developed  by 
Jeske. 1 1  This  model  directly  estimates  the  duct  height  from 
the  bulk  meteorological  measurements.  The  method 
approximates  the  gradients  of  temperature  and  humidity  by 
their  vertical  differences  (sensor  height  -  surface).  This  is 
justified  when  the  gradients  are  small  (near  neutral 
conditions),  but  may  lead  to  under-  or  overestimating  of 
the  duct  height  for  highly  (un)stable  stratification.  For  such 
conditions,  no  generally  accepted  models  exist.11  The 
theory  does  not  incorporate  an  interfacial  sublayer  and 
assumes  a  constant  roughness  length  z0.  Geernaert12 
showed  that  z0  depends  on  wave  state  (and  wind  stress). 

The  theory  on  which  the  EVAP  model  is  based,  does  not 
incorporate  a  molecular  diffusion  layer,  like  the  LKB 
model.  Starting  from  the  flux-gradient  relations  from 
turbulence  theory  for  temperature  and  humidity,  the  M- 
profile  is  developed.  Jeske11  and  Paulus9  do  not  present 
explicit  formulae  for  the  temperature  and  humidity 
profiles.  Their  formulation  differs  from  that  of  Liu  et  al. 
(1979)  in  the  approximation  of  the  vertical  gradients  by  a 
different  formula.  The  stability  function  <t>  is  also 
formulated  in  a  different  way. 

The  original  EVAP  model9  assumes  that  the  measurements 
are  made  at  a  height  of  6.5  m  above  mean  sea  level 
(AMSL).  For  the  present  study,  the  model  has  been 
modified  to  accept  any  measurement  height.  For  the 
present  situation,  the  difference  is  small,  as  the  height  of 
the  highest  mast  sensor  (used  as  reference)  is  around  10 
meters.  Nevertheless,  the  modified  model  yields  results 
that  are  in  better  agreement  with  observations  than  the 
original  EVAP  model. 

6.2  Validation  of  temperature  and  humidity  profiles 
6.2.1  Temperature 

The  readings  from  the  highest  sensor  on  the  mast,  together 
with  the  wind  speed  and  the  sea  temperature  data,  are  used 
in  the  LKB  and  EVAP  models  to  compute  the  profiles  of 
temperature  and  relative  humidity.  A  comparison  between 
observed  and  computed  temperature  profiles  is  shown  in 
Figure  3.  The  time  period  presented  in  the  figure  is  June  3 
and  4.  Temperature  profiles  are  plotted  every  hour;  the 
temperature  axis  is  horizontal,  increasing  to  the  right.  The 
logarithm  of  height  is  plotted  on  the  vertical  axis. 
Throughout  June  3  and  most  of  June  4  almost  purely 
logarithmic  profiles  are  observed.  The  sudden  change  in 
the  profiles  around  14:00h  on  June  4  is  due  to  the  passage 
of  the  stationary  front.  At  that  time,  the  conditions 
changed  from  unstable  to  stable,  with  ASTD  >  5°C.  The 
LKB  model  predicts  a  temperature  gradient  that  is  too  high 
(solid  lines),  where  the  EVAP  profiles  compare  better  with 
observations.  For  near-neutral  conditions,  as  observed  in 
the  second  half  of  the  measuring  period,  the  temperature 
profiles  are  almost  purely  logarithmic  and  the  two  models 
agree  very  well  (not  shown).  The  largest  discrepancies 
appear  for  large,  positive  ASTD.  Jeske11  (1973)  already 
noted  that  in  these  cases  the  assumptions  in  the  EVAP 
model  break  down. 
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Figure  3.  Comparison  of  temperature  profiles  computed  with  the 
LKB  and  EVAP  models  with  experimental  data.  See  text  for 
explanation. 


The  difference  between  the  modelled  values  for 
temperature  or  humidity  and  the  respective  observed 
values  at  the  lowest  sensor  is  used  as  a  measure  of  the 
misfit  between  model  and  observations.  Since  the  lowest 
sensor  is  furthest  away  from  the  reference  sensor, 
deviations  of  the  computed  profile  from  the  observed  one 
show  up  clearest  at  this  sensor.  The  data  (i.e.,  differences 
between  model  and  observation)  are  presented  in  scatter 
plots,  organised  as  a  function  of  wind  speed,  wind 
direction,  tide  or  ASTD.  Figure  4  shows  an  example  of  a 
scatter  plot,  obtained  for  the  LKB  model.  The  data  are 
plotted  as  a  function  of  wind  speed,  in  different  panels 
corresponding  to  increasing  ASTD.  Error  bars  are  obtained 
by  binning  the  data  (in  the  case  of  Figure  6  in  bins  1  m/s 
wide)  and  computing  the  mean  and  standard  deviation.  For 
this  a  robust  technique  of  iterative  residual  down¬ 
weighting13  is  used.  This  method  iteratively  downweights 
all  data  that  lie  further  than  a  specified  number  of  standard 
deviations  from  the  mean;  in  this  case  1.5  standard 
deviations  is  used. 


LKB  TEMPERATURE  MISFIT  VS  WIND  SPEEO 
DATA  ORGANIZED  IN  6  ASTD  INTERVALS 
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Figure  4.  Scatter  plot  of  temperature  misfit  against  wind  speed. 
Temperature  misfit  is  defined  as  LKB-computed  minus 
temperature  observed  at  the  position  of  the  lowest  sensor  on  the 
mast.  Input  for  the  LKB  model  were  the  observations  from  the 
highest  sensor  on  the  mast.  Data  are  arranged  in  intervals  of 
increasing  ASTD. 


In  this  way,  outliers  in  the  data  set  have  a  minimized 
influence  on  the  mean  temperature  or  humidity.  The 
uncertainty  in  the  individual  measurements  is  0.2°C,  which 
compares  well  with  the  error  bars  in  Figure  4.  As  noted 
before,  large  positive  air-sea  temperature  differences  occur 
in  off-shore  winds.  In  these  cases  a  clear  trend  is  visible  of 
increasing  model  misfit  as  the  wind  speed  is  lower  (cf.  the 
data  in  the  panels  where  ASTD  >  4°C). 

Figures  5  and  6  are  similar  to  Figure  4,  but  now  the  data 
for  increasing  height  AMSL  of  the  lowest  sensor  are 
plotted  as  a  function  of  wind  speed.  The  height  variations 
are  caused  by  tidal  effects.  Data  plotted  are  for  off-shore 
winds  only  (wind  directions  between  60°  and  120°),  and 
ASTD  greater  than  3°C.  It  is  clear  that  the  trend  increases 
with  decreasing  distance  from  the  sea  surface.  At  heights 
above  3.5  m  the  model  compares  favorably  with 
experimental  data.  The  data  in  Figure  5  are  for  the  LKB 
model,  those  in  Figure  6  are  for  the  EVAP  model.  The 
EVAP  model  predicts  temperatures  near  the  sea  surface 
that  are  too  high.  This  is  probably  due  to  the  absence  of  a 
surface  boundary  layer  in  the  EVAP  model.  As  the  LKB 
model  is  the  more  complete  of  the  two  models  tested  here, 
it  seems  that  the  LKB  model  is  more  likely  to  represent  the 
behaviour  of  open  ocean  atmosphere. 

Figures  4  and  5  strongly  suggest  the  existence  of  an 
additional  boundary  layer,  formed  for  off-shore  winds, 
when  relatively  warm  air  masses  from  land  move  over  a 
cold  sea  surface.  In  this  new  boundary  layer  the 
temperature  is  higher  than  expected  (temperature 
difference  negative)  from  the  model  predictions.  The 
thickness  of  this  boundary  layer  would  be  about  3  m  for 
low  wind  speeds,  estimated  from  the  maximum  height 
above  the  sea  at  which  the  effect  is  visible  in  figure  5.  At 
high  winds  the  boundary  layer  disappears  completely.  Such 
an  inverse  relation  of  boundary  layer  thickness  with  flow 
speed  is  expected.14 

Note  in  the  figures  that  the  LKB  model  tends  to 
underestimate  the  temperature  at  the  position  of  the  lowest 
sensor.  This  is  apparent  from  a  bias  toward  negative 
temperature  misfits  in  figure  4.  A  problem  with  the  present 
data  set  is  the  measurement  of  the  sea  temperature.  The  sea 
temperature  sensor  measured  the  temperature  at  about  0.2 
m  below  the  sea  surface.  This  temperature  may  deviate 
from  the  skin  temperature  by  up  to  0.5  °C  (see,  e.g.,  Roll15 
and  Soloviev16).  However,  the  LKB  and  EVAP  models 
require  the  skin  temperature  as  input.  The  effect  of  using 
the  sub-surface  sea  temperature  is  difficult  to  assess.  Roll17 
noted  the  existence  of  a  'cold  film'  on  the  sea  surface,  due 
to  cooling  by  evaporation.  In  temperate  environments  the 
sea  nearly  always  acts  as  a  source  of  water  vapour  and  this 
'cold  film'  would  be  expected  to  be  present.  The  magnitude 
of  the  temperature  drop  in  this  film  is  not  quite  clear.  Liu  et 
al.8  note  that  the  error  introduced  by  using  the  sub-surface 
temperature  would  be  largest  for  ASTD  near  zero. 

In  general,  the  largest  scatter  of  model  temperature  minus 
observed  temperature  occurs  for  stable  conditions,  which 
arise  almost  exclusively  for  off-shore  winds.  This  shows 
that  coastal  effects  may  reduce  the  applicability  of  the 
models  tested  here. 
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Figure  5.  As  figure  4,  now  only  for  wind  directions  between  60'  and 
120'  (off-shore  winds).  Parameter  is  the  height  AMSL.  The  misfits 
show  a  trend  of  decreasing  misfits  with  increasing  wind  speed. 
This  trend  is  largest  when  lowest  sensor  on  the  mast  is  close  to 
the  sea  surface  (high  tide)  and  disappears  when  sensor  is  more 
than  about  3  m  over  the  sea  surface. 


EVRP  TEMPERATURE  MISFIT  VS  WIND  SPEED 
AS  FUNCTION  OF  SENSOR  HEIGHT  OVER  SER  SURFACE 
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Figure  6.  As  figure  5,  now  for  the  EVAP  model.  The  misfits  for  this 
model  show  a  trend  that  is  opposite  to  that  in  figure  5.  The  lack  of 
an  interfacial  sublayer  in  this  model  may  be  the  cause  for  this. 


6.2.2  Humidity 

The  shortcomings  of  the  EVAP  model  are  most  obvious  in 
the  humidity  profiles  (mixing  ratio).  An  example  is  shown 
in  Figure  7,  for  June  13  and  14.  Both  experimental  data 
and  profiles  computed  from  the  two  models  used  in  this 
study  are  shown.  The  EVAP  model  predicts  dramatical 
increase  or  decrease  in  the  humidities  with  height.  The 
weather  conditions  on  June  13  include  ASTD  near  0°C  and 
low  wind  speeds  (below  2  m/s).  For  such  low  wind  speeds 
the  flow  is  smooth,  rather  than  rough.  The  smooth  flow 
results  in  very  small  L'  (Monin-Obukhov  lengths  corrected 
for  stability,  as  used  in  the  EVAP  model)  and  hence  large 
values  of  z/L'.  The  stability  function  0  used  in  the  EVAP 
model  is  valid  for  small  values  of  its  argument  z/L\  yet  the 
small  value  of  L'  leads  to  unreliable  results.  The  LKB 
model  uses  a  different  formulation  of  the  Monin-Obukhov 
length,  which  does  not  approach  zero  for  low  winds. 
Therefore,  this  model  predicts  humidity  profiles  that  are 
much  closer  to  the  observed  profiles. 


- PROFILE 

Figure  7.  As  figure  3,  now  for  mixing  ratio  in  the  two-day  period 
June  13  and  June  14.  The  predictions  from  the  EVAP  model  are 
unreliable,  due  to  low  wind  speeds. 

Brutsaert18  (1992)  presents  alternative  approximations  for 
the  stability  function  0,  that  are  valid  for  a  much  larger 
range  of  its  argument,  but  these  have  not  been  tested  here. 
It  should  also  be  noted  that  the  formulations  used  for  0  are 
based  on  data  collected  over  land.  Schacher  et  al.19  showed 
that  over  water  different  relations  apply.  For  unstable 
conditions  over  water,  McBean  and  Elliot20  derived  a 
relation  yielding  better  results  than  a  relation  valid  for 
over-land  experiments;  no  such  relations  are  available  for 
unstable  or  neutral  conditions  over  water.  The  results  of 
Davidson  and  Boyle21  also  suggest  that  such  relations  are 
needed  for  over-water  experiments. 

6.3  Refractive  structure  of  the  atmosphere 

Using  the  theory  presented  in  section  5  and  the  profiles  of 
temperature  and  humidity,  the  refractive  structure  of  the 
surface  layer  can  be  calculated.  It  should  be  kept  in  mind 
that  in  this  experiment  the  temperature  and  humidity 
profiles  have  been  measured  locally.  Spatial  variation  of  T 
and  Q  do  occur  in  this  coastal  area  with  off-shore  winds 
but  have  not  been  measured.  These  spatial  variations  may 
have  a  stronger  effect  on  the  propagation  of 
electromagnetic  radiation  than  vertical  gradients,  especially 
in  the  present  coastal  environment.  For  onshore  winds, 
such  gradients  are  expected  to  be  relatively  small,  as  the  air 
masses  have  been  mixed  thoroughly. 

6.3.1  Radar  refractivity 

Figure  8  shows  some  results  for  the  radar  refractivity 
profiles,  for  June  1  and  June  13,  respectively.  Profiles  are 
shown  every  hour;  horizontal  axis  is  height,  vertical  is 
modified  refractivity  M.  During  the  first  part  of  the 
experiment,  the  two  models  give  similar  results.  The  LKB 
model  predicts  profiles  that  increase  more  rapidly  with 
height  than  EVAP;  this  agrees  with  the  data  from  the 
Hygrometer  on  Barbara's  half  deck.  The  weather 
conditions  on  June  13,  as  discussed  above,  are  .such  that  the 
EVAP  model  predicts  non-ducting  conditions  during  most 
of  the  day.  This  is  in  clear  disagreement  with  the  data.  The 
LKB  model  yields  profiles  that  are  in  better  agreement 
with  the  experimental  data. 
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MODIFIED  RITOR  REFRRCTIVITY.  JUNE  2 
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Figure  8.  As  figure  3,  now  for  modified  radar  refractivity,  for  June  2 
and  June  13.  Whereas  both  the  LKB  and  EVAP  model  give  good 
results  during  June  2,  the  low  wind  speeds  on  June  13  cause  a 
break-down  of  the  EVAP  model. 

The  data  in  Figure  8  are  an  ilustration  of  the  common 
occurrence  of  super-refractive  conditions  for  radar 
frequencies.  Both  data  and  model  predictions  indicate  that 
during  the  greater  part  of  the  experiment  the  conditions 
were  such  that  radar  waves  are  trapped  near  the  surface. 
Such  conditions  are  favourable  for  radar  detection  over 
long  ranges. 


MODIFIED  IR  REFRRCTIVnY.  1.06  Ml)..  JUNE  U 
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Figure  9.  As  figure  3,  now  for  modified  refractivity  at  the  infra-red 
wavelength  of  1.06  pm.  Period  displayed  is  June  4  and  5.  Sub- 
refractive  conditions  prevail,  indicated  by  monotonously  increasing 
M.  During  the  afternoon  on  both  days,  the  infra-red  refractivity 
enters  the  sub-refractive  domain. 


6.3.2  Infra-red  refractivity 

The  conditions  for  infra-red  wavelengths  are  the  opposite 
to  those  of  radar.  Some  refractivity  profiles  are  shown  in 
figure  9,  for  a  wavelength  of  1.06  pm.  The  results  for  a 
wavelength  of  10.59  pm  are  similar.  The  period  covered  is 
June  4-5.  It  is  evident  from  Figure  9  that  most  of  the  time 
sub-refractive  conditions  prevail,  indicated  by  the 
monotonously  increasing  M(z).  Super-refractive  conditions 
exist  only  during  the  afternoon,  when  the  ASTD  is 
positive. 


6.4  Duct  heights 

As  described  above,  the  height  at  which  the  modified 
refractivity  profile  has  zero  gradient  is  defined  as  the  duct 
height.  The  observed  duct  height  is  found  by  fitting  a 
linear+logarithmic  function  to  the  observed  refractivity 
profile.  The  log-linear  profile  shape  is  suggested  by  the 
LKB  and  EVAP  models.  However,  this  fitting  procedure 
amounts  to  introducing  a  priori  knowledge  about  the  shape 
of  the  refractivity  function  and  leads  to  (unknown)  errors  if 
the  true  shape  of  this  profile  cannot  be  adequately 
described  by  a  linear+logarithmic  function.  Fitting  the 
observed  profile  with  a  different  function  (e.g.,  a  second 
order  polynomial)  does  not  solve  this  problem. 

For  the  determination  of  duct  heights,  the  half-deck  sensor 
on  Barbara  is  used  as  well  as  the  mast  sensors.  This  is 
because  it  is  essential  for  a  reliable  duct  height  estimate  to 
have  a  measurement  at  some  height  above  the  mast. 
However,  whenever  the  Barbara  sensor  gave  unreliable 

6.4.1  Radar  (RF)  ducts 

Figure  10  shows  the  observed  RF  duct  heights  as  a 
function  of  time,  at  20-minute  intervals,  for  the  whole 
experiment.  Also  shown  are  the  duct  heights  from  the  LKB 
and  EVAP  models.  A  clear  diurnal  pattern  caused  by 
heating  and  cooling  is  seen  from  June  5  to  June  10.  During 
the  night,  unstable  conditions  prevail  and  ducts  are 
observed  below  10  m  height  (evaporation  duct).  In  the 
afternoon,  when  the  atmosphere  is  warmed  up  by  solar 
irradiation,  stable  conditions  exist  and  no  duct  below  the 
Barbara  sensor  is  observed  (leaving  open  the  possibility  of 
an  elevated  duct).  The  data  show  that  for  radar  frequencies 
the  conditions  are  predominantly  super-refractive.  During 
periods  of  stable  conditions  (warm  air  over  cold  sea),  the 
models  fail  to  produce  reliable  duct  heights.  For  unstable 
conditions  good  performance  is  obtained.  This  result  is 
supported  by  the  data  obtained  from  radar  measurements. 1 
During  stable  conditions  radar  cross  sections  show 
significantly  larger  scatter  than  when  conditions  are 
unstable.  The  LKB  model  seems  to  predict  duct  heights 
that  are  closer  to  the  observed  heights  than  the  EVAP 
model,  which  is  biased  to  too  high  ducts. 

This  result  is  shown  in  figure  1 1 ,  which  is  a  scatter  plot  of 
LKB  and  EVAP  vs.  observed  duct  heights.  The  high  ducts 
predicted  by  LKB  (above  20  m)  all  correspond  to  stable 
conditions. 

6.4.2  Infra-red  ducts 

It  has  been  noted  that  IR  and  RF  are  complementary  in  the 
sense  that  usually  at  least  one  of  the  two  is  in  the  super- 
refractive  domain.1’8  This  allows  one  to  be  able  to  look 
beyond  the  geometrical  horizon  when  sensor  systems  are 
available  for  both  the  IR  and  RF  bands. 

Figure  12  shows  the  duct  heights  at  infra-red  wavelength 
of  1.06  pm  for  June  5-8.  The  conditions  are  predominantly 
sub-refractive,  the  energy  being  bent  away  from  the  Earth's 
surface.  During  the  first  8  days  of  the  experiment,  ducting 
is  present  during  the  afternoon.  Similar  results  are  obtained 
for  a  wavelength  of  10.6  pm. 
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Figure  1 0.  Variation  of  duct  height  at  radar  frequencies  with  time. 
Circles:  observed  duct  height,  triangles:  LKB-predicted  duct  height 
and  crosses:  EVAP-predicted  duct  height. 
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LKB  VS  EVRP  RfiOfiR  DUCT  HEIGHT 


Figure  11.  Scatter  plot  of  duct  heights  predicted  by  the  EVAP 
model  vs.  duct  heights  predicted  by  LKB  model.  The  EVAP  model 
is  biased  to  high  ducts,  compared  to  the  LKB  model.  All  points 
where  LKB  predicts  a  duct  height  much  larger  than  the  EVAP 
model  are  associated  with  thermally  stable  conditions  and  offshore 
winds. 
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Figure  12.  As  figure  10,  now  for  infra-red  wavelength  1.06  pm,  and 
the  four-day  period  June  5  -  8. 

A  few  times  during  the  experiment  a  mirage  effect  has 
been  observed  visually.  At  these  times  the  infra-red 
refractivity  profiles  show  no  sign  of  complexity  or  super¬ 
refraction.  This  is  probably  due  to  horizontal 
inhomogeneity  of  the  atmosphere  (the  line  of  sight  being  in 
the  direction  of  land)  and  the  instruments  being  placed 
outside  the  complex  zone. 

Figures  10  and  12  are  an  indication  of  the  complementarity 
of  radar  and  infra-red  with  respect  to  super-refraction. 
Beaulieu6  noted  that  always  one  or  both  of  radar  or  infra¬ 
red  is  in  the  super-refractive  domain.  During  the  afternoon, 
when  at  radar  frequencies  no  duct  is  detected  within  the 


height  range  of  the  sensors,  the  propagation  conditions  at 
infra-red  wavelengths  are  super-refractive.  This 
observation  is  a  clear  illustration  of  the  value  of  combining 
RF  and  IR  for  long-range  observation. 

7.  CONCLUSIONS. 

The  results  presented  in  this  report  lead  to  the  following 
conclusions. 

The  LKB  model  predicts  reliable  temperature  and  humidity 
profiles  for  both  stable  and  unstable  conditions,  although 
for  very  stable  stratifications  the  predicted  gradients  are  too 
large.  Duct  heights  produced  by  the  model  are  in  good 
agreement  with  observations  for  unstable  conditions. 

The  EVAP  model  is  based  on  more  assumptions  about  the 
structure  of  the  atmospheric  surface  layer  and 
simplifications  in  the  theory  than  the  LKB  model.  This 
results  in  duct  heights  that  are  biased  to  values  that  are  too 
high  as  compared  with  observations.  This  is  not  due  to  the 
fixed  measuring  height,  that  was  part  of  the  original  EVAP 
model;  the  model  has  been  modified  to  accept  the  actual 
measuring  height.  The  EVAP  model  produces  unrealistic 
profiles  of  temperature  and  humidity  for  warm  air  moving 
over  a  cold  sea  surface,  especially  during  light  winds.  This 
combination  leads  to  unreliable  duct  heights,  the  cause  for 
which  must  be  sought  in  a  small  value  of  the  Monin- 
Obukhov  length  used  in  the  model.  This  results  in  a 
breakdown  of  the  stability  function  0.  This  presents  less  of 
a  problem  in  the  LKB  model,  which  uses  a  different 
formulation  of  the  Monin-Obukhov  length.  For  unstable 
conditions  the  EVAP  model  produces  results  that  are  in 
good  agreement  with  observations,  although  it  is  biased  to 
too  high  ducts. 

In  general,  for  unstable  to  neutral  conditions,  which  in  this 
experiment  occur  mostly  for  air  masses  with  an  oceanic 
origin,  the  data  show  that  current  models  reliably  predict 
the  profiles  of  temperature  and  humidity  in  the  atmospheric 
surface  layer  over  the  ocean,  given  a  measurement  at  a 
single  height.  The  fact  that  for  stable  conditions  both 
models  fail  to  reproduce  the  observations  can  be  attributed 
to  coastal  influences.  Stable  conditions  almost  invariably 
occurred  during  the  afternoon,  when  the  wind  was  off¬ 
shore.  The  mast  was  located  about  15  km  off-shore,  which 
is  much  closer  than  the  estimated  60  km  over  which  coastal 
influence  has  been  shown  to  be  present.22  The  high  ASTD 
(up  to  7°C  between  the  lowest  mast  sensor  and  the  sea 
surface)  observed  for  off-shore  winds  indicate  that  these  air 
masses  have  been  warmed  up  over  land  and  travelled  a 
relatively  short  distance  over  the  sea. 

Thus,  the  data  collected  during  SYLT92  strongly  suggest 
that,  for  prediction  of  the  behaviour  of  electro-optical  and 
radar  systems  in  coastal  environments,  current  models  of 
the  atmospheric  surface  layer  over  the  ocean  need  to  be 
extended  to  include  effects  of  nearby  land.  The  possibly 
large  temperature  differences  between  the  land  and  sea 
surfaces  may  give  rise  to  a  turbulence,  stronger  than 
expected  if  an  oceanic  origin  is  assumed  for  the  air  masses. 
Although  the  present  data  do  not  explicitly  show  this, 
strong  horizontal  gradients  are  expected  in  coastal  areas  for 
off-shore  winds.  Such  gradients  must  be  accounted  for  in 
any  model  predicting  infra-red  or  radar  propagation  close 
to  the  sea  surface  in  coastal  regions. 
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DISCUSSION 


J.H.  RICHTER  (Comment) 

The  importance  of  the  horizontal  variability  of  surface  layer  properties  (such  as  the  effect  of  air- 
sea  temperature  differences  on  refractivity)  is  generally  different  for  infrared  as  opposed  to 
microwave  operational  applications.  In  the  microwave  case,  usually  ranges  of  tens  to  hundreds 
of  kilometers  are  of  interest  while  infrared  systems  are  mostly  used  for  ranges  that  are  an  order 
of  magnitude  smaller.  This  may  result  in  different  sampling  and  prediction  requirements  for 
infrared  and  microwave  applications. 

R.  PAULUS 

The  EVAP  model  operates  in  terms  of  potential  refractivity.  How  is  mixing  ratio  extracted  from 
that? 

AUTHOR’S  REPLY 

The  EVAP  model  is  based  on  Jeske  (1973)  and  we  have  used  his  formulation  for  surface  layer 
profiles  in  our  calculations.  The  equation  for  direct  calculation  of  refractivity  profiles  in  the 
EVAP  model  is  based  on  the  explicit  gradients  of  temperature  and  humidity. 

D.  DION 

Even  though  discrepancies  are  observed  between  measured  and  predicted  values  for  the  lowest 
probes,  don’t  you  think  that  the  real  question  is  which  profiles  lead  to  better  predictions  of 
propagation  effects?  What  do  the  results  say? 

AUTHOR’S  REPLY 

Of  course,  the  real  question  is  which  profiles  lead  to  better  predictions  of  propagation  effects. 
However,  models  are  based  on  theoretical  formulations  that  have  to  be  tested  with  experimental 
data.  Our  aim  of  this  analysis  was  to  study  the  effect  of  waves  and  thermal  stratification  on 
model  formulations.  The  results  have  been  presented  here.  From  the  same  experiment,  also 
RF  and  IR-propagation  measurements  are  available.  The  analysis  of  the  RF  propagation 
measurements  has  shown  some  unexpected  effects  which  could  be  qualitatively  explained  with 
the  meteorological  observations.  The  quantitative  test  of  the  propagation  models  with  these  RF 
propagation  data  is  outside  the  scope  of  the  present  paper. 

S.  BURK 

You  encountered  trouble  with  low  winds  speeds  in  the  Liu,  Katsaros,  Businger  formulation. 
Have  you  tested  artificially  constraining  the  wind  speed  to  be  no  smaller  than  some  value,  say 
2  m/s,  and  see  what  results  from  such  calculations? 

AUTHOR’S  REPLY 

We  have  not  tested  with  artificial  constraints.  The  discrepancy  between  LKB  model  predictions 
and  observations  are  only  found  for  very  large  values  of  ASTD  and  low  wind  speeds,  i.e.,  a 
very  stable  atmosphere.  If  only  the  wind  speed  is  low,  but  the  thermal  stratification  is  unstable 
or  neutral,  the  LKB  model  gives  much  better  predictions.  Hence,  we  infer  that  the  observed 
discrepancies  cannot  be  attributed  to  a  general  failure  of  LKB  in  low  wind  speed  conditions, 
rather  we  ascribe  the  discrepancies  to  the  occurrence  of  a  non-equilibrium  situation  of  warm  air 
flowing  out  over  a  cold  sea  surface.  This  gives  rise  to  an  internal  boundary  layer  for  which 
models  are  presently  not  available. 
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